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Preface
Every chapter has its beginning and its end. Even though I have taken a step aside
from academia and found myself working for a high-tech company, a chapter called
“My Ph.D.” should be no exception and should also have its grand finale.
As if it was yesterday, I remember myself, five years ago, when I arrived in the
Netherlands for the first time. I was a young man, just graduated from university,
naive and, in a sense, adventurous. I did not know much about the Netherlands and
could barely pick it out on the map. My flight arrived in the evening and I took a
train heading to Nijmegen Heyendaal. There were no people at the train station. It
was a magnificent evening. I waited for another Ph.D. student to bring me the keys
for the apartment that was organized for me. Time flew: without sunlight it soon
became dark and cold. At midnight I realized that nobody was going to meet me
and I panicked. By that time, I had used up all of my prepaid Internet access, trying
to contact somebody to help me. There were no replies to my emails. The battery
of my phone had only 10% of its charge left. I found a taxi, and though my English
was quite bad, I managed to explain to the driver that I was looking for a hotel. By
2 a.m., after he had charged me 50 euros, I ended up at some hotel and fell asleep. A
fascinating “Grow up! You are alone abroad!” journey had begun.
I have never regretted the decision to stay in the Netherlands or to do my Ph.D.
in the group of Prof. Dr. Theo Rasing. Quite the opposite; I consider those decisions
the best ones of my life. It was not always smooth, of course, but overall, those four
years of my Ph.D. project were simply wonderful. I grew up. I got to know many mo-
tivated and knowledgeable people. I learnt from them, and not only about scientific
matters. It was a pleasure to work with all my colleagues. During my Ph.D. project
a privileged opportunity was given to me, to fully focus on the research and my ex-
periments and not to be occupied with paperwork. I very much appreciated that.
And I so much enjoyed doing the actual experiments! Gosh, I could do pump-probe
measurements every day till late, expecting to see new field- or fluence-dependencies
in the ultrafast magnetization dynamics trends! Sometimes it felt as if my freedom
to do experiments was unlimited. I could measure anything, if I had the right ideas
and samples that worked. And good results were always rewarded with uplifting feed-
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back and participation at conferences in such amazing places as Hawaii, Strasbourg,
Rhodes, San Diego, etc. During the four-year Ph.D. project I participated in more
than 13 conferences!
In this part of the thesis I would like to thank and to acknowledge the people
who contributed to this chapter of my life. I will do it in chronological order and,
hope no-one will be o↵ended if I am not able to mention everybody. First of all, I
would like to express unlimited gratitude to my mum for everything she has done for
me. Regardless of financial crises or other di culties in life, she always supported
me, believed in me and did everything she could (and even everything she could not)
for me and for my brother, to help us to achieve our goals. I very much hope that
everything will be good, mum, and that we will celebrate this Ph.D. defense and all
the other bright moments in our lives for many, many years to come. Second, I would
like to thank my brother Boris, who has always been the best example for me in
everything. My big brother will probably always remain, for me, the strongest, the
smartest and the most logical person I’ve ever known. We followed the same path
for almost 23 years and only my Ph.D. abroad split us. Moving on, I would like
to thank Prof. Dr. Andrey Fedyanin, my supervisor at Lomonosov Moscow State
University. Andrey, I am truly grateful that I had an opportunity to work under
your supervision, to learn from you and to experience how a good boss can organize
his group almost like a family. Without your support, enthusiasm and ideas I would
never have had a chance to be where I am now, or to do what I do. Next on the list
is Maxim Shcherbakov, my daily supervisor at Lomonosov Moscow State University.
I have never met a more energetic, knowledgeable, enthusiastic and positive person
than Maxim. Max is a great example of how one can separate the significant from
the unimportant, and thus succeed in pretty much all aspects of life.
Next in my chronology stand Prof. Dr. Alexey Kimel, Prof. Dr. Theo Rasing
and Prof. Dr. Andrei Kirilyuk. First of all, I would like to thank Alexey for planting
the idea of doing Ph.D. research in Prof. Dr. Theo Rasing’s group in my mind. Of
course, when I arrived in the Netherlands, I only thought about getting results from
near-field optical measurements. I had plans to continue my research in Russia, and
without our discussions, this Ph.D. project in the Netherlands would never even have
started. I regret that we did not work together much afterwards. I would like to
thank Theo for inviting me into his group to do the research. Theo, you are a great
group leader and I only wish I had more opportunities to learn from you. Thank
you for helping me with my manuscripts and for allowing me to present our research
at conferences. Next, I would like to thank Andrei for his openness and mentorship,
and for sharing his knowledge with me. I am glad that you were my daily supervisor.
Not only because I could learn a lot from you, but also because, according to the
rules of Radboud University, you cannot ask me questions during my defense. Your
understanding of physics is always very deep and your questions are not as simple as
they may appear at first glance. I also appreciate that your door was always open,
and not only for scientific discussions.
I would like to thank Marilou, who made my life so much easier by helping to
solve many formal and informal issues. Many thanks for this, Marilou.
Matteo Savoini! I enjoyed working with you tremendously, man, and I honestly
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wish you did not have to move to Switzerland. Matteo and I had the same near-
field/plasmonics background and it was always so easy to discuss scientific matters
with him. Almost all the experimental tricks I use I learned from Matteo. It was also
a lot of fun to attend conferences and meetings together. Thank you, man, for your
friendship!
Sergey and Anna! After the evening described in the second paragraph of this
preface, you soothed my first impressions, and showed me what life is like in this
country. You guys are great hosts and we had a lot of fun together. Thank you for
that time!
I would like to thank Davide for fruitful discussions, Yuzuke for fun, Benny for
parties, Weita for his involvement and help even after he moved back to Taiwan,
Ruslan and Dennis for useful discussions, both Annas for being with me during the
Ph.D. project, and Dima and Georgy for helping with the experiments presented in
this thesis. Special thanks go to my paranymphs, Albert and Jonas. Jonas, we used
to work together and we are still working at the same company. We even competed
for the same position at ASML, which is such a coincidence! I know you to be a
very good person. I enjoyed working with you on your experimental pump-probe
setup with the 38 tesla magnet. Albert, thanks a lot for all our discussions at the
o ce. I learned a lot from you about Spain and other subjects. Without all those
conversations the routine would have been so boring!
I would also like to thank our technician team: Tonnie, Albert, Andre´ and Sergey.
Your contribution is hard to overestimate. Many thanks go to my collaborators
outside Nijmegen, especially to Ilie Radu, Loic Le Guyader and Colin Forbes.
Finally, I would like to thank my girlfriend, Natcha, for all the love, support and
motivation she has given me during the last two years and more. I would like to
conclude this chapter with these words: I love you too, babe!
Yury Tsema,
Eindhoven, October 2017.
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Chapter1
Introduction
1.1 Into the field of magnetism
Humanity has been gathering knowledge about magnetic phenomena through sev-
eral millennia. And before talking about state of the art technologies nowadays, we
might first briefly have a look at how the science of magnetism has evolved. The
unusual properties of Fe3O4 (in a form of a natural mineral “magnetite”, also known
as “lodestone”) to attract other pieces of the same material had been already known
in Mesopotamia in the bronze age. Already in the 7th century BC, Thales of Miletus,
the father of Greek philosophy, tried to explain these observations assuming that the
lodestones had souls. Later on Greek philosophers also considered the existence of
an invisible matter which they believed has to surround such materials as lodestone
and iron to attract these materials towards each other. Magnetic phenomena were
also known in ancient China. The Chinese were the first ones who observed that a
magnetized needle points at Polaris. They discovered it in the 7th–8th century AD
and by the second half of the 11th century real compasses for navigation had already
been developed.
In Europe the first phenomenological description of natural magnets is attributed
to Petrus Peregrinus de Maricourt and his famous work “Epistola de Magnete” pre-
sented in 1269 [1]. Maricourt found out that every lodestone had two areas which
could strongly attract pieces of iron. The areas became known as the north and the
south poles of magnets. By splitting lodestone in two pieces one would obtain two
magnets and each of these new magnets would have their own south and north poles.
Nowadays Maricourt is considered as the pioneer of experimental science by many
historians. The following significant step in the field of magnetism was made in 1600
by William Gilbert, who published the work called “De Magnete, Magneticisque Cor-
poribus, et de Magno Magnete Tellure”, in which he systematically investigated the
phenomenon of magnetism of natural magnets and magnetized iron by using scientific
methods [2]. He also discovered that overheated iron looses its magnetic properties,
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that the Earth is itself a weak magnet, and suggested that the magnetic poles do not
coincide with the geographic ones defined by the Earth’s axis of rotation.
Till the beginning of the 19th century there was only one kind of magnetism
known. That magnetism was produced by lodestones or iron compasses that had
been magnetized by lodestones. A revolution happened in 1820 when the Danish
physicist Hans Christian Oersted observed the magnetic force exerted on a magnetic
needle by the electric current in a nearby wire. After the observation became known
to the French Academy of Sciences, the French physicist Andre´-Marie Ampe`re started
his experiments on current carrying wires. First, he reproduced and confirmed the ex-
periments done by Oersted. Next, Ampe`re considered the forces between two parallel
wires and showed that they can attract each other if electric currents propagate in the
same direction, or repel each other if the propagation direction is opposite. Ampe`re
generalized the results, obtained experimentally, in a form of a mathematical expres-
sion, called later on the Ampe`re’s law. Two other French scientists, Jean-Baptiste
Biot and Fe´lix Savart, studying a connection between electricity and magnetism, de-
rived a mathematical expression for the magnetic field around a current carrying wire.
This expression was later on called the Biot–Savart law. This laid the foundation of
electrodynamics [3].
Further developments of classical electromagnetism were carried out by the En-
glishman Michael Faraday who discovered electromagnetic induction in 1831 and es-
tablished that a changing magnetic field produces an electric field. In 1845 Faraday
revealed a direct connection between light and magnetism in his experiments with
light, propagating through a flint glass. It turned out, that the magnetic field was
able to rotate the polarization of the light. It is this e↵ect, called later on the Faraday
e↵ect, that gave birth to the field of magneto-optics (see Chapter 2). A similar e↵ect
in reflection was discovered in 1876 by the Scottish physicist John Kerr. By the end
of his life Michael Faraday realized that all the knowledge acquired in the field of
electromagnetism had to be postulated in terms of mathematical equations. In 1857
he shared his ideas with a Scottish scientist James Clerk Maxwell, who later on de-
veloped and provided a firm mathematical footing of the physics of electromagnetism
in the nineteenth century, by showing that electricity and magnetism represent dif-
ferent aspects of the same fundamental force field [4]. It was also established that
light is a form of electromagnetic wave. Maxwell’s electromagnetic theory of light was
experimentally verified in 1888 by the German scientist Heinrich Rudolf Hertz, who
discovered radio waves. These theories are fundamental for modern global communi-
cation at the speed of light. The 19th century development of physics concluded with
a number of great discoveries: X-rays, radioactivity, the electron, and the Zeeman ef-
fect. The latter one was called after the name of the Dutch physicist Pieter Zeeman,
who in 1896 observed splitting of the yellow spectral lines of sodium into several com-
ponents in the presence of a magnetic field [5]. The fundamental idea was that light
was emitted by charged particles (electrons) moving in the atom. Their motion was
influenced by the magnetic field according to the classical laws of electromagnetism.
The electron itself was discovered by an Englishman Joseph John Thomson in 1897,
who showed that cathode rays were composed of unknown negatively charged parti-
cles with masses much smaller than atoms [6]. Zeeman shared the 1902 Nobel Prize
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in Physics with Hendrik Lorentz for his discovery of the Zeeman e↵ect. And Thomson
was awarded a Nobel Prize in physics in 1906 for the discovery of the electron. All
those discoveries defined the evolution path of the theory of magnetism in the 20th
century, the century of great scientists focused on the studies based on an atomic
picture of materials.
The modern understanding of magnetic phenomena in condensed matter particu-
larly originates from the works of the French physicists Pierre Curie, who received the
Nobel Prize in Physics in 1903, and Pierre Weiss. Pierre Weiss tried to formalize an
idea of microscopic currents as the origin of magnetism, proposed earlier by Augustin
Jean Fresnel and Andre´-Marie Ampe`re, and by 1907 he developed the domain theory
of ferromagnetism based on an internal molecular field proportional to the average
magnetization, that spontaneously aligns the electronic micromagnets in magnetic
matter [7]. His theory, combined later on with that of Paul Langevin, successfully
explained the e↵ect of temperature on ferromagnetic materials like iron, where the
materials could suddenly loose their ferromagnetic properties at some critical tem-
perature [8]. The existence of the point at which this ferromagnetic–paramagnetic
transition occurs was observed earlier by Pierre Curie [9]. This temperature is called
the Curie temperature in his honour.
In 1913 the Danish physicist and Nobel Prize winner Niels Bohr postulated that
the angular momentum of electrons is quantized and that orbital magnetic moments
are associated with orbiting electron currents. The understanding of the structure of
matter evolved further. In 1922 a famous experiment done by two German physicists
and Nobel Prize winners, Otto Stern and Walther Gerlach, showed the splitting of a
beam of silver atoms sent through a non-uniform magnetic field due to quantized spin
orientation. A few years later, in 1925, another Nobel Prize winner Wolfgang Ernst
Pauli tried to explain the observed splitting of the emission lines of alkali atoms in
magnetic fields, called the “anomalous Zeeman e↵ect”. As a result he formulated the
exclusion principle that no two electrons may occupy the same states and cannot be
described by the same set of quantum numbers [10]. Later in that year, two Dutch
physicists George Eugene Uhlenbeck and Samuel Goudsmit proposed the hypothesis
of the existence of the spin on the electron [11, 12]. The revolutionary idea in their
hypothesis was the fact that the electronic spin is an internal quantity and has only
half, ~/2, of the natural integer unit of angular momentum. It also turned out that
the spin is quantized in such a way that it essentially can have only two possible
orientations in a magnetic field: “up” or “down”. The spin is the source of the
electron’s intrinsic magnetic moment and all magnetic properties of condensed matter
arise essentially from the magnetic moments of their atomic electrons.
The first formulation of a quantum theory describing radiation and matter inter-
action came from to the British scientist Paul Dirac, who in 1928 treated an electron
in an external electromagnetic field, without explicitly introducing the electron spin.
Dirac’s quantum electrodynamics (QED) theory correctly described the magnetic
properties of the electron and its antiparticle, the positron, but it proved di cult to
calculate specific physical quantities such as the mass and charge of the particles. The
di culty was overcome in the late 1940s when Sin-Itiro Tomonaga, Julian Schwinger,
and Richard Phillips Feynman independently refined and fully developed QED. The
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scientists were jointly awarded with a Nobel Prize in physics in 1965 for their con-
tribution to development of QED. QED revealed that charged particles interact by
emitting and absorbing photons, so that photons are the carriers of the electromag-
netic force and that electrons and many other elementary particles have their own
magnetic moments. All experimental and theoretical works in the field of magnetism
are based on these facts, thus QED has served as the model and template for all
subsequent quantum field theories.
Another important breakthrough in magnetism came from the German theoretical
physicist Werner Karl Heisenberg, who in 1928 formulated a spin-dependent model for
the exchange interaction [13]. The molecular field postulated by Weiss could now be
interpreted as having its origin in the exchange interaction. The introduction of the
strong, short-range exchange interaction constituted the birth of modern magnetism
theory, which has its roots in both quantum theory and relativity [14]. In 1932
Heisenberg was awarded the Nobel Prize in Physics “for the creation of quantum
mechanics”.
The concept of anti-ferromagnetism (as opposed to ferromagnetism) was intro-
duced in 1932 by the French physicist Louis Ne´el, who later on was awarded the
Nobel Prize for his pioneering studies of the magnetic properties of solids. He discov-
ered a transition temperature for antiferromagnetic materials, above which they show
paramagnetic behavior. This temperature was called the Ne´el temperature in his
honor. Ne´el’s ideas of antiferromagnetic and ferrimagnetic spin alignments were later
verified by neutron di↵raction, pioneered by the Nobel Prize-winning American physi-
cist Cli↵ord Glenwood Shull. In the mid 1930s, an electronic band structure theory
was first applied to magnetic systems by the English physicist and Nobel Prize-winner
Nevill Mott, the American physicist John Slater and the British theoretical physicist
Edmund Stoner. Further developments of this theory are a cornerstone of modern
magnetism, explaining the non-integer values of magnetic moments.
During the recent decades the world experienced a huge expansion of magnetic
applications. The developments of permanent magnets resulted in a rapid broadening
of magnet uses, reduction of the size and weight of traditional devices (for instance,
electric motors or audio speakers) and helped new applications and design concepts to
emerge. On the other hand, the fast-moving pace of the developments in telecommu-
nications and information technologies and specifically in data storage, “clouds” and
the Internet in general encouraged advances in magnetic recording and high-frequency
materials. The choice of using magnetism (and not, for instance, currents) for infor-
mation storage in modern personal computers and portable devices has been made
due to the fact that the preservation of the information stored in magnetic drives is
possible even when the power of the system is switched o↵. In the next parts of the
Thesis we discuss how magnetic recording works.
1.2 Development of magnetic recording
After the first magnetic recording machine was demonstrated by the Danish engineer
Valdemar Poulsen in 1898, the commercial magnetic recording applications relied
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Figure 1.1: Transportation of the IBM 305 RAMAC (Random Access Method of Ac-
counting and Control) system. This apparatus can be considered as the first commercially
available hard disc drive. The system was publicly announced on September 14, 1956, with
test units already installed at the U. S. Navy and at private corporations. The IBM 305
RAMAC had a storage capacity of 5 MB and was leased to companies for $3,200 per month.
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for a long time on materials which magnetisation vector lies in-plane of the medium.
There were two general classes of longitudinal magnetic recording (LMR) media. One
was based on a flexible substrate and used in tape and floppy disc applications, and
the other one was deposited onto for example glass or Al/NiP rigid discs of various
diameters. The rigid disc media, which is mostly used nowadays, have continuously
been undergoing improvements since the first device with a storage capacity of 5 MB
was commercialized in 1956 by IBM. This was the IBM 305 RAMAC data storage and
retrieval system (see Fig. 1.1). Comparing the dimensions, weight, storage capacity,
energy e ciency, operation speed and the price of that system with any modern hard
disc drive (HDD), which generally have a size of 2.5- or 3.5-inch, it is obvious that
enormous progress has been made in the magnetic recording industry during the last
60 years.
All modern HDDs store the data as tiny areas of either ”up” or ”down” magneti-
zation on the surfaces of the disks. Each tiny area represents a “bit” of information.
The bits are written closely-spaced to form circular “tracks” on the rotating disk sur-
face. There are a lot of such concentric tracks, which cover the whole area of the disks.
The total storage capacity of a HDD depends directly on how small one can make
the area needed to represent one bit of information. Smaller bit-sizes correspond to a
higher areal density and greater HDD capacity. The technological advances were trig-
gered and are still encouraged by demands on magnetic storage devices to have higher
capacities and faster reading/writing speeds. Thus, starting from 2005, the concept
of LMR HDDs was replaced by perpendicular magnetic recording (PMR) HDDs with
the easy uniaxial anisotropy axis being normal to the plane of the disc. That allowed
for a closer magnetic domain spacing and increased the available storage capacities.
Implementing the PMR technique allowed Seagate, one of the biggest HDD manufac-
turing companies, to show areal densities of 400 Gb/in2 in 2009, 500 Gb/in2 in 2011,
650 Gb/in2 in 2013/14, and 800 Gb/in2 in 2015/16 in their HDDs. Today, the vast
majority of HDDs are based on the PMR technology, which is su cient for today’s
applications in terms of areal density and performance. Further areal density increase
in a standard PMR HDD medium is challenging, however, since the decrease of the
amount of grains per bit leads to random bit value changes due to the influence of
neighbouring bits. On the other hand, making the grains smaller brings us to the so-
called ”superparamagnetic limit”. To overcome this challenge, numerous techniques
have been proposed and implemented to increase the overall HDD capacities.
One of them is shingled magnetic recording (SMR), which enabled areal densities
higher than 1 Tb/in2. In SMR HDDs the data tracks partially overlap with the
previously written magnetic tracks, similar to roof shingles, leaving the previous track
narrower and allowing for higher track densities.
Another technique, which history starts in 1980s with magneto-optical drives, is
heat-assisted magnetic recording (HAMR). In this technology a new and more stable
recording medium is used. This medium has a higher coercivity at room temperature
and the bits are far less susceptible to the superparamagnetic e↵ect caused by neigh-
bouring bits. In HAMR the laser beam heats up a part (smaller than 50 nm diameter)
of the medium, reducing its coercivity while the writing of a bit takes place. This
decreases the bit size and increases the HDD’s areal density. The release of HAMR
1.2 Development of magnetic recording 7
Figure 1.2: HDD Technology Roadmap as was seen by Advanced Storage Technology
Consortium (ASTC) in 2016. The figure is adopted from Ref. [15].
HDD devices has been continuously postponed, as the required technology (e.g. plas-
monic antennas) is quite challenging. At the moment of writing this Thesis there
are expectations that the first HAMR HDD will appear in 2018, and have 14-16 TB
capacities, with 20 TB in prospect.
Another technique to push the areal density of HDD beyond 1 Tb/in2 is called
Two-Dimensional Magnetic Recording (TDMR). It was proposed in 2008 and nowa-
days is an accepted part of the industry’s technology roadmap for HDDs (see Fig. 1.2).
The idea of TDMR is to make recorded tracks narrower and to use an array of heads
to read (or, it would be better to say “to reconstruct”) the data from either one, or
several nearby tracks. The use of an array of heads instead of a single head is required
to mitigate magnetic inter-track interferences of very narrow magnetic tracks. It is
expected that a number of read heads will also benefit the HDDs featuring HAMR in
the future: heat-assisted recording improves the write process, whereas multiple read-
ers improve the read process. For this moment, Seagate plans to start implementing
TDMR for server applications in early 2018.
The last technique we have to mention here, which can push the HDD’s areal
density beyond the 1 Tb/in2, is bit-patterned magnetic recording (BPMR). In this
technique, the random grains of conventional media are replaced with lithographically
patterned magnetic islands, which are significantly larger than, and thereby more
thermally stable than, conventional media grains [16–18]. On BPMR media each
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Figure 1.3: Schematic illustration of the magnetic components of a perpendicular recording
system. The figure is adopted from Ref. [19].
isolated island stores 1 bit of information.
All the technologies mentioned above, alone or in combination, can improve the
areal density of HDDs. It is important to mention, however, that all these techniques
rely on the same magnetization reversal principle which essentially provides a funda-
mental speed limit for the process of writing the information. We will discuss this
process in the next section of this chapter.
1.3 Field-induced magnetization reversal and precessional mo-
tion
Every HDD has at least one “write/read head” to write and to read out the in-
formation. Figure 1.3 schematically represents how these elements look like. The
fundamental speed limit for storing one bit of information or, in other words, for
reversing the magnetization of one magnetic domain in the medium is determined by
the magnetization reversal time of a chosen medium. In this section we will review
the magnetization dynamics in an external magnetic field.
The precessional motion of a magnetic moment in the absence of damping is
described by the torque T, which is exerted by a magnetic field H on a magnetic
moment m of the medium, T =m⇥H. The torque is an axial vector perpendicular
to m and H and is equal to the changes in time of the angular momentum L, thus
T = dL/dt = m⇥H. The angular momentum is related to the magnetic moment
via the gyromagnetic ratio   as L =m/ . Therefore, we can derive the equation of
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motion of a magnetic moment around a magnetic field:
dm
dt
=  m⇥H.
Considering the precession in a system with strongly coupled magnetic moments which
rotate simultaneously (macrospin approximation), the volume average of all the mag-
netic moments M =
P
imi/V , called “magnetization”, is often used in the equation
of motion:
dM
dt
=  M⇥H.
Typically, there are contributions other than the external magnetic field which
act on magnetic moments of the system. These contributions include, for instance,
the intrinsic magnetic interactions such as anisotropies Hani and demagnetizing fields
Hdem. The sum of all the interactions can be considered as an e↵ective magnetic field
He↵ = Hext+Hani+Hdem+ ..., around which direction the magnetization precession
occurs.
It is important to note that the angle ✓ between He↵ and M from the equation
of motion does not change in the precession. From our experience we know, however,
that magnetic moments do turn into the field direction when given su cient time.
This observation can be made in the earliest magnetic device, the compass. Changing
✓ and thus the energy of the dipoles requires an additional torque that precesses at
the same rate as the magnetization. This additional “damping” torque Td should be
perpendicular to the precessional torque T and perpendicular to M:
Td = C

M⇥ dM
dt
 
,
where C is a phenomenological constant. This damping torque Td causes the motion
of M to become irreversible.
These considerations led into a more realistic equation of motion for M, written
in the form of the Landau-Lifshitz-Gilbert (LLG) equation:
dM
dt
=  [M⇥He↵ ] + ↵
M

M⇥ dM
dt
 
The dimensionless phenomenological constant ↵ is the so-called damping parameter,
which stands for dissipative phenomena originating from angular momentum transfer
from the magnetic system to another reservoir, for instance, the lattice. The LLG
equation describes the motion of the magnetization vector M which absolute value
remains invariant in time.
The conventional HDD’s heads for PMR (see Fig. 1.3) write magnetic domains
(bits of information) by applying an external magnetic field perpendicular to the
disk surface, antiparallel to the magnetization direction, as illustrated in Fig. 1.4 (a).
In this geometry the reversal starts from thermal fluctuations, as there is no initial
torque, and then occurs via precession accompanied by damping that channels the
associated angular momentum into the lattice. The nanosecond time-scale of such
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Figure 1.4: Precessional switching with the magnetic fields applied antiparallel (a) and per-
pendicular (b) to the initial magnetization orientation. The figure is adopted from Ref. [21].
reversal is fundamentally determined by the damping strength and the magnetization
precession time [14, 20]. The magnetization can be reversed faster in case an external
magnetic field pulse is applied orthogonal to the magnetization direction, as shown
in Fig. 1.4 (b). Employing a single magnetic pulse with a duration precisely equal
to half of the precession period allows one to switch the magnetization within hun-
dreds of picoseconds [22–24]. Increasing the strength of the external magnetic field
can speed the process up even further. However, it has been shown that for field
pulses shorter than about 2 ps such magnetization reversal becomes nondeterminis-
tic [25]. It should be noted here, that the nanosecond time-scale of the magnetization
reversal in conventional HDDs by no means possess a general speed limit for mag-
netism, since spin-orbit interaction or exchange interaction fundamentally occur on
essentially shorter time-scales. Therefore, it is of a great interest to explore faster al-
ternatives to the precessional magnetization reversal, which potentially can encourage
developments of magnetic storages based on novel technological principles.
1.4 Femtomagnetism
The emergence of a variety of commercially available laser sources operating in the
(sub-)femtosecond time domain, revealed an opportunity to study ultrafast magnetic
phenomena, occurring as a result of light-matter interaction. Particularly, these laser
systems can be employed to conduct time-resolved magneto-optical experiments (see
Chapter 2.2). In such experiments a strong ultrafast laser excitation kicks a mag-
netic system out of its thermodynamical equilibrium, and the following weak laser
pulses probe the magnetization changes. The first evidence of a possibility to control
magnetism by light was reported in 1996 by Beaurepaire et al. [26]. The authors
of that pioneering work excited thin ferromagnetic films of Ni by 60 fs laser pulses,
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Figure 1.5: The ultrafast quenching of magnetic order in ferromagnetic 20 nm-thick film
of Ni, obtained by means of time-resolved longitudinal magneto-optical Kerr-e↵ect measure-
ments. The signal is normalized on the signal, obtained without the optical pump excitation.
The line is a guide to the eye. The spin dynamics is much faster than what was expected
from conventional precessional dynamics. The figure is adopted from Ref. [26].
and demonstrated a quenching of magnetic order, which happened to occur on a sub-
picosecond timescale. In Fig. 1.5 one can see that the ultrafast laser pulse alone was
capable to cause a 40%-quenching of the magnetization within less than a picosec-
ond. Following that discovery, the experiments on Fe and Co [27, 28] confirmed the
generality of the e↵ect in ferromagnetic metals. It suggested that the ultrashort laser
pulses could also be employed to control magnetic order in an ultrafast way. This
gave birth to a new field of magnetism, known nowadays as “femto-magnetism”.
The observation of a temporary modification of the magnetic order in ferromag-
netic materials by means of an ultrafast laser pulse excitation, followed by further
demonstration of laser-induced non-thermal coherent spin control in weak ferromag-
nets like DyFeO3 [29], triggered a plethora of magnetization dynamics studies. A
particularly intriguing challenge was the possibility of a full magnetization reversal in
magnetic materials, caused by an ultrafast laser pulse excitation. Eleven years after
the original paper of Beaurepaire et al., the group of Theo Rasing from Nijmegen, the
Netherlands observed the e↵ect of laser-induced ultrafast magnetization reversal [30].
The e↵ect, called later on all-optical switching (AOS), was first revealed in a GdFeCo
amorphous alloy, a rare-earth (RE) – transition metal (TM) material, previously used
for magneto-optical data recording. In that study, Stanciu et al. demonstrated that
AOS occurs in the absence of any external magnetic field after a single laser pulse
excitation. The final magnetic state turned out to be stable in time and could be re-
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stored back to the initial conditions only by an external magnetic field or by a second
laser pulse excitation. Full magnetization quenching of that material turned out to
occur on a picosecond time-scale [31], while the complete magnetization switching was
detected on a time-scale of tens of picoseconds [32]. This potentially could improve
the magnetic recording speed limit by at least two orders of magnitude and made
the AOS phenomenon interesting for technological applications. It also encouraged
hot debates in the femto-magnetism community, particularly regarding the mecha-
nisms of light and matter interaction and the whole area of the all-optical control of
magnetism.
1.4.1 All-optical switching (AOS)
In this section we briefly discuss how our understanding of AOS in ferrimagnetic
materials has evolved during the last decade. No time-resolved magneto-optical setups
with electromagnets or cryostats were employed for the very first experiments on a
20 nm-thick film of GdFeCo amorphous alloys. The sample was placed in a magneto-
optical microscope and the laser beam with either linearly- or circularly-polarized 40 fs
laser pulses was swept along the sample surface. The magneto-optical microscope’s
resolution was su cient to resolve magnetic domains and multi-domain states. The
magnetic states with the magnetization “up” and “down” were seen as “bright” and
“dark” regions, respectively. When the laser beam was polarized linearly, its sweeping
could create only a multi-domain state with both “dark” and “bright” regions inside
the excited area. The circularly-polarized laser pulse excitation, however, revealed a
deterministic magnetization switching of the GdFeCo. The circularly-polarized laser
pulses with certain helicity could reverse the magnetization of the “bright” regions
while the laser beam with the opposite helicity could only reverse the “dark” regions.
The obvious helicity-dependent (HD) result of that experiment allowed one to think
that the “inverse Faraday e↵ect” (IFE) could be the origin of AOS [33, 34]. That is
why it also became natural to call this phenomenon “helicity-dependent all-optical
switching” (HD-AOS). A detailed phenomenological description of the IFE impact
on AOS can be found in Ref. [35]. Further studies, however, revealed that the AOS
mechanism in GdFeCo amorphous alloys is entirely heat-driven and that AOS in
ferrimagnets can be achieved with ultrafast laser light pulses of any polarization,
including the linear one, above a certain fluence threshold [36, 37, 40]. The reason of
the helicity-dependent observation appeared to be the magnetic circular dichroism of
the material, that caused helicity-dependent absorption.
When the feasibility of the laser-induced magnetization switching in GdFeCo
amorphous alloys had been established, and the characteristic time-scales of the AOS
phenomenon (in a macrospin approximation with RE and TM sublattices equilibrated
with each other at any given time) were determined, the question about the micro-
scopic mechanism of AOS still remained. Particularly, it was interesting to determine
if the exchange interaction between the RE and TM sublattices played any substantial
role in this phenomenon. That study became possible with the developments of the
femtosecond X-Ray slicing time-resolved XMCD (X-Ray Magnetic Circular Dichro-
ism) technique at Bessy II in Berlin, Germany. The technique allowed one to trace the
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(a) (b)
(c)
Figure 1.6: The element-resolved dynamics of the Fe and Gd magnetic moments measured
by time-resolved XMCD with femtosecond time-resolution. (a) Transient dynamics of the
Fe (open circles) and Gd (filled circles) magnetic moments measured within the first 3 ps.
(b) As (a) but on a 12 ps timescale. (c) Cartoon-like illustration of the non-equilibrium
dynamics of the Fe and Gd magnetizations with respect to an external magnetic field H.
The lengths of the arrows are scaled to the magnitude of the transient XMCD signals shown
in (a) and (b). The figure is adopted from Ref. [31].
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Figure 1.7: Three basic requirements, postulated in Ref. [46], for achieving optically switch-
able magnetic films. (a) Antiferromagnetic coupling between two sublattices with the spins
S(a) and S(b). (b) Distinct temperature dependencies of the magnetizations of two sublattices
with the existence of the magnetization compensation temperature. (c) Perpendicular mag-
netic anisotropy. TC is the Curie temperature, and M
(a) and M (a) are the magnetizations
of the two sublattices. The figure is adopted from Ref. [46].
magnetization dynamics of each element independently, with a temporal resolution of
100 fs [38, 39]. It turned out, that during the first picoseconds after the laser pulse
excitation, the RE and TM sublattices are not in equilibrium with each other. On
the contrary, they demonstrate a distinct spin dynamics with a “counter-intuitive”
ferromagnetic-like state, emerging against the antiferromagnetic exchange interaction,
particularly as a result of di↵erent ultrafast demagnetization times [31]. This situa-
tion is shown in Fig. 1.6. The antiferromagnetically aligned GdFeCo is turned into a
ferromagnetic magnet for almost one picosecond by the laser pulse excitation, which
is followed by the relaxation of the system and the total net magnetization rever-
sal. The “counter-intuitive” ferromagnetic-like state was explained later on by the
ultrafast exchange of angular momentum between the RE and TM sublattices [40, 41].
1.4.2 Materials for all-optical switching
At this moment, the mechanism of AOS in the RE–TM amorphous alloys has been
reasonably well understood [42], and has also led to the prediction that AOS could be
achieved in synthetic ferrimagnets, that are based on exchange coupled multilayers
of ferromagnetic materials [43, 44]. Therefore, for the developments of magneto-
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recording devices, the focus shifted towards RE-free materials, including multilayers
and granular media. The question was raised wether or not the AOS could be achieved
in materials, di↵erent from the RE-TM amorphous alloys. A collaboration between
the group of Stephan Mangin (from Nancy, France) and the group of Eric Fullerton
(from San Diego, U.S.A) resulted in an engineering of RE-free magnetic multilay-
ers and heterostructures, potentially suitable for AOS [45]. Their first studies were
focused only on ferrimagnetic compounds. The materials were designed specifically
to mimic magnetic properties of the RE-TM amorphous alloys, suitable for AOS. By
checking more than a thousand samples, the authors empirically determined three ba-
sic requirements on synthetic ferrimagnetic multilayers for achieving optically switch-
able magnetic films [46]. First of all, the magnetic sublattices (or layers of those
materials) had to be antiferromagnetically coupled (see Fig. 1.7 (a)). Second, the
magnetizations of the sublattices must have di↵erent temperature dependencies and
a magnetization compensation temperature had to be observed (Fig. 1.7 (b)). And
finally, they ensured that the system would exhibit perpendicular magnetic anisotropy
(see Fig. 1.7 (c)). The helicity-dependent optomagnetic switching of synthetic ferri-
magnets from Ref. [45] was confirmed by static magneto-optical images, obtained after
a 800 nm intense laser beam with 100 fs pulses at 1 kHz had been swiped along the
sample surface. Unfortunately, the static experiments could not corroborate that the
observed optomagnetic switching had been of the same origin as the AOS in GdFeCo
amorphous alloys. Static images do not provide any insights neither into the mecha-
nism of the magnetization reversal nor into the characteristic time-scale of the process.
Moreover, in the following studies the same authors demonstrated similar images with
a helicity-dependent optomagnetic switching in ferromagnets [47], which turned out
to be a cumulative e↵ect, completely di↵erent from AOS in GdFeCo amorphous al-
loys (see Chapter 6 for more details). Nevertheless, these findings have sparked new
discussions and hot debates in the femto-magnetism community about the AOS and
particularly motivated the magneto-optical studies, presented in this Thesis.
1.5 Scope of this Thesis
The feasibility of ultrafast magnetization reversal by femtosecond laser pulses (i.e.,
all-optical switching or AOS) described previously, demonstrates a potential for fur-
ther developments of the next generation magnetic data recording devices, based on
this technology. The AOS can help to achieve a phenomenal speed of storing informa-
tion, since the write-read event itself during AOS is at least two orders of magnitude
faster than what is known for current field-induced magneto-recording technologies,
employed in modern HDDs [32, 35]. However, the ultrafast speed of AOS must also
be accompanied by adequate values of the lateral dimensions of the laser-induced
switchable areas, and should have the areal bit densities comparable with the ones of
conventional magnetic storage devices. A number of studies has shown the feasibility
to decrease the size of the laser-induced areas in RE-TM amorphous alloys from the
original 10 µm [30] to hundreds of nanometers [48, 49] and, finally, to 52 nm in fer-
rimagnetic TbFeCo thin films [50], which is comparable to what can be achieved in
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magneto-recording media, designed for HAMR (see Chapter 1.2). This progress be-
came possible by exploiting the field-confining capability of plasmonic nanoantennas.
The authors of Ref. [50] specifically mentioned the importance of chemically homoge-
neous sample structures for AOS-based technologies and suggested that better control
of spatial switching could be achieved in magnetic multilayer systems or crystalline
magnetic materials. Taking this into account for the motivation of our research, we
address in this thesis the following scientific and technological questions:
1. AOS induced by a single fs laser pulse has been revealed in various ferrimag-
netic RE-TM amorphous alloys. However, only a narrow range of materials
with certain concentrations of RE elements was shown to be suitable for this
phenomenon. The question is whether or not single shot AOS is limited to the
ferrimagnetic RE-TM amorphous alloys.
2. If other materials (for instance, ferrimagnetic multilayers) demonstrate AOS, we
would want to know whether or not their magnetization dynamics would di↵er
from the magnetization dynamics of AOS in ferrimagnetic RE-TM amorphous
alloys. In other words we wanted to study the role of the exchange coupling
(itinerant vs. interlayer coupling) between the RE and TM elements and the
role of other properties such as magnetic anisotropy.
3. Recent studies suggested AOS in ferromagnetic multilayers and granular media.
Since this does not fit to our understanding of AOS outlined in Chapter 1.4.1,
we wanted to know if the magnetization reversal mechanism in ferromagnets was
similar to the one in ferrimagnetic amorphous alloys. Particularly, we wanted to
investigate what happens to the magnetization of ferromagnetic samples after
a single laser pulse excitation.
Therefore, the Thesis is structured as follows:
• In Chapter 2 we introduce the main physical concepts and the experimental
techniques, used in this study. We briefly describe the magneto-optical e↵ects
and explain how they were implemented in the magneto-optical characterization,
presented in the Thesis. This includes an explanation of our unique single-shot
time-resolved imaging technique.
• In Chapter 3 we present the materials of our interest. First, we describe the
properties of the groups of elements our samples are made of. Then we introduce
the ferri- and ferromagnetic multilayered structures, studied in the Thesis. And
finally, we briefly describe how our samples were produced.
• Chapter 4 is the first experimental chapter of the Thesis. Here we look at
the laser-induced magnetization dynamics of RE-TM bilayers with and without
dielectric spacers between the magnetic layers. We observe the AOS in these
structures and reveal a possibility to “switch o↵” the magneto-optical response
from one of the RE-TM layers by introducing a layer-sensitive time-resolved
magneto-optical technique.
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• In Chapter 5 we study the ultrafast laser-induced magnetization dynamics
and AOS in RE/TM multilayer by means of our unique single-shot time- and
spatially-resolved imaging technique. We demonstrate that this multilayer is
not only suitable for AOS, but also demonstrate its peculiar magnetization
dynamics, which has not been observed earlier for RE-TM amorphous alloys to
the best of our knowledge.
• We conclude the experimental part of the Thesis with Chapter 6 by presenting
the single-shot ultrafast magnetization dynamics study of a ferromagnetic Co/Pt
multilayer, reported previously to be suitable for AOS. We demonstrate that no
AOS can be achieved after a single laser pulse excitation of any polarization
and any fluence. On top of that, for the first time for these materials we reveal
a pulse-width dependence of the observed cumulative opto-magnetic switching.
• The Thesis is concluded by a general Summary and Outlook.
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Chapter2
Experimental methods
In this Chapter we discuss the experimental techniques used in this Thesis to study
the ultrafast magnetization dynamics in magnetic multilayers. We focus on the field
of magneto-optics, and briefly review the magneto-optical Kerr and Faraday e↵ects as
well as Magnetic Circular Dichroism. We explain a particular implementation of these
e↵ects in the experimental setups, which helped us to perform static, time-resolved
and spatially-resolved temperature-dependent magneto-optical spectroscopic studies
of magnetic multilayers, presented in Chapters 4, 5 and 6.
2.1 Introduction
It is essential for understanding magnetic phenomena to be able to observe and to
characterize qualitatively as well as quantitatively the magnetic properties of mag-
netic structures. To facilitate this need, a number of techniques has been developed
during the past decades. Each of them has its advantages and disadvantages as each
of these techniques relies on a di↵erent measurement principle. Some can measure
only magnetic properties in statics, the others are suitable for dynamics measure-
ments as well. For instance, for static measurements of the net magnetic moment of
a material one can employ Vibrating Sample Magnetometry (VSM) [1, 2], Supercon-
ducting Quantum Interference magnetometry (SQUID) [3, 4], Alternating Gradient
Force Magnetometry (AGFM) [5, 6], or Nuclear Magnetic Resonance spectroscopy
(NMR) [7, 8]. With more than one magnetic element in a complex magnetic com-
pound, it can be important to have access to information about magnetic moments of
each sublattice in this compound. This information can be achieved by using X-Ray
Magnetic Circular Dichroism (XMCD) [9, 10]. In order to investigate magnetic prop-
erties of a material on a sub-micron scale, one can employ, for instance, Magnetic Force
Microscopy (MFM) [11, 12], Transmission Electron Microscopy (TEM) [13], Scanning
Electron Microscopy with Polarization Analysis (SEMPA) [14], Spin-Polarized Low-
Energy Electron Microscopy (SP-LEEM) [15], or Spin-Polarized Scanning Tunnelling
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Microscopy (SP-STM) [16] techniques. The majority of the techniques listed above,
especially the ones based on scanning-probe microscopy, are time-consuming and can-
not reflect changes of the magnetic properties, occurring shortly after the system has
experienced an external ultrafast stimulus.
The progress in laser industry and modern photonics in general opened the way
to excite magnetically ordered matter by sub-picosecond (shorter than 10 12 s) laser
pulses, which nowadays can be generated by commercially available femtosecond opti-
cal systems. These lasers, in fact, became the main standard tool for scientists in the
ultrafast magnetism community. The reason is simple: these systems can generate
pulses reproducibly with a certain repetition rate, which are short and strong enough
to induce a nascent non-equilibrium electron gas, which subsequently thermalizes to
a Fermi distribution. Any processes, occurring on such a short time-scale, can not be
probed by the static techniques listed in the previous paragraph. Magneto-optics, on
the other hand, with the use of pulsed laser systems, o↵ers the opportunity to probe
changes of magnetic properties on a short time-scale, only limited by the pulse-width.
Therefore, this technique is quite universal. By employing the Faraday e↵ect [17] or
the magneto-optical Kerr e↵ect (MOKE) [18] one can investigate not only the static
properties such as a coercive field or the Curie temperature, but also the magnetic
and electronic relaxation processes in magnetic materials after an external stimulus.
In this Chapter we discuss the experimental techniques, which have been used
to obtain the results presented in Chapters 4, 5 and 6. We start this Chapter
with a description of magneto-optical e↵ects. We explain how light can interact
with magnetically ordered matter, allowing us to utilize it for probing of magnetic
properties of metallic multilayers. Then we present the experimental schemes for
static magneto-optical characterization of multilayers. Subsequently we describe time-
resolved magneto-optical techniques for magnetization dynamics studies. We start
with a classical stroboscopic pump-probe scheme, then we describe an implementa-
tion of a single-shot method and, finally, we present how magneto-optical imaging
improves the single-shot technique.
2.2 Magneto-optics
Magneto-optics deals with phenomena arising as a result of light interaction with
either magnetically ordered matter or matter in a magnetic field. The presence of
a magnetization or magnetic field does not only change the dispersion curves of the
absorption and refraction coe cients of a medium, but also results in the appearance
or changes of the optical anisotropy in a material. Probably, one of the most famous
magneto-optical e↵ects was discovered by the English scientist Michael Faraday in
1845, while studying the influence of a magnetic field on linearly-polarized light, that
propagated through flint glass. It turned out that the magnetic field was able to
rotate the polarization of the light, which passed through the material [17]. Some
say, that this e↵ect, called later on the “Faraday e↵ect”, gave birth to the field of
magneto-optics, as it was the first observation of the interaction between light and
magnetism.
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Generally speaking, most of the magneto-optical e↵ects are direct or indirect out-
comes of the electron energy level splitting in an external magnetic field. The splitting
of a spectrum line into several components in the presence of a magnetic field or mag-
netization of a material is called Zeeman e↵ect [19]. It was first observed in 1896 by
the Dutch physicist Pieter Zeeman as a splitting of the yellow D-lines of sodium in a
flame held between strong magnetic poles. All the other magneto-optical e↵ects are
the consequences of the Zeeman e↵ect.
The general description of magneto-optical e↵ects is based on a consideration of
the influence of a magnetic field on the dielectric permittivity tensor "ˆik. If "ˆik is
symmetric without magnetic field ("ˆik = "ˆki), it acquires an asymmetric part ↵ik
when an external magnetic field H is applied, and "ˆik(H) = "ˆki( H) and ↵ik(H) =
 ↵ik( H). In the case of a transparent (non-absorbing) medium, the requirement
on "ˆik to be real is replaced with the requirement of it to be hermitian, meaning
"ˆik = "ˆ⇤ki, where
⇤ denotes the complex conjugate. Therefore, the symmetric part
of "ˆik of a transparent magnetized medium is real, while the antisymmetric one is
imaginary: "ˆik = "ˆ
(s)
ik + i"ˆ
(a)
ik . Moreover, the real and the imaginary parts of "ˆik
should be even and odd functions with respect to the magnetic order parameter or
external magnetic fieldH, respectively. The field-induced part "ˆ(a)ik is equivalent to the
optical activity vector and describes a circular anisotropy of a magnetized medium,
i.e. a non-equivalence of the two rotation directions in a plane, perpendicular to the
field H.
The main magneto-optical phenomena can be sorted by taking into account the
mutual orientation of k, the wave vector of light illuminating the medium, and H, the
magnetic field vector. We can consider two geometries now: the Faraday geometry
with k k H, and the Voigt geometry, where k ? H. The latter one corresponds
to the transverse Zeeman e↵ect. In this geometry both ⇡ and   components of
a magnetic splitting (which are parallel and perpendicular to H, respectively) are
polarized linearly. The Faraday geometry corresponds to the longitudinal Zeeman
e↵ect. In this geometry only circularly polarized   components can be observed with
opposite directions of rotation. The transverse Zeeman e↵ect and the longitudinal
Zeeman e↵ect (the Faraday e↵ect) correspond to the linear and circular magnetic
birefringence. We will focus on the latter one in the next part of this Chapter.
2.2.1 Magnetic circular birefringence and magneto-optical Faraday e↵ect
Let us consider an isotropic (or uniaxial) medium, either magnetized along the z-
direction or placed in a magnetic field, applied along this direction. By ignoring any
quadratic and higher order terms in M, the dielectric tensor "ˆ is given by
"ˆ =
0@ "xx i"xy(Mz) 0 i"xy(Mz) "xx 0
0 0 "xx
1A ,
where Mz is the component of the magnetization along the propagation direction of
the light. In the absence of the magnetization, "xy = 0, as "xy / Mz. Note, that
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Figure 2.1: Schematic representation of magnetic circular birefringence or the Faraday
e↵ect. The plane of linearly polarized light is rotated over an angle ✓F while propagat-
ing through a transparent medium with a magnetic field H applied along the propagation
direction of the light.
certain polarizations of the light, propagating in the z-direction, do not change. These
polarizations are the solutions of the following eigenvalue problem:
"ˆE =
0@ "xx i"xy(Mz) 0 i"xy(Mz) "xx 0
0 0 "xx
1A0@ExEy
0
1A = n2E,
where E = (Ex, Ey, 0) is the polarization of the incident light. The eigenvectors of
this problem, Ex = ±iEy, are the two helicities of circular polarization, and the
eigenvalues are given by n2± = "xx ± "xy(Mz). Here n+ and n  correspond to the
refractive indices for the two opposite helicities of circular polarization. The nonzero
di↵erence Re(n+   n ) between the real parts of the refractive indices n+ and n 
with M 6= 0 or H 6= 0 essentially means that the right- and left-hand circularly
polarized light propagates in the medium with di↵erent velocities. This e↵ect is called
magnetic circular birefringence (MCB). The di↵erence in the imaginary parts causes
a di↵erence in absorption for s- and p- linearly polarized light, or left- and right-
circularly-polarized light that propagates through the medium, as will be discussed
in Chapter 2.2.3. These e↵ects are known as magnetic linear dichroism (MLD) and
magnetic circular dichroism (MCD), respectively.
Now, let us have a look at a linearly-polarized light beam, propagating through
a medium along the same z-direction. We can consider this light as a superposition
of two circularly polarized waves with opposite helicities and a certain phase shift
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Figure 2.2: Schematic representation of the geometries of the magneto-optical Kerr e↵ect
(MOKE).
between them. As has been already shown, in case a magnetic field is applied to the
medium or the medium is magnetized, these two waves would propagate with di↵erent
velocities. This changes the phase di↵erence between the waves and therefore rotates
the polarization plane of incident light by
✓F =
!
2c
(Re(n+)  Re(n ))L = !
2c
"xyp
"xx
L = K( )Mz,
where ! is the angular frequency of the incident light, c is the speed of the light in
vacuum, L is the propagation length of light in the medium, K( ) is a wavelength-
and thickness-dependent parameter and Mz is the z-component of the magnetization
of the magnetic medium. The angle ✓F is called the Faraday rotation angle, and the
e↵ect is called the Faraday e↵ect. Its schematic representation is shown in Fig. 2.1.
2.2.2 Magneto-optical Kerr e↵ect
What happens with the polarization of the light, when it reflects from a magnetic
sample surface? This question was answered in 1877, after the discovery of the Fara-
day e↵ect [17], by the Scottish physicist John Kerr [18]. In his experiments with
a polished electromagnet pole he demonstrated that the polarization rotation e↵ect
can also be observed in case when the incident light reflects from the surface of a
magnetically-ordered medium or a medium in an external magnetic field. The e↵ect,
called later on the magneto-optical Kerr e↵ect (MOKE), has the same principle as the
Faraday e↵ect, although its expression in terms of the refractive indices and material
thickness is more complex. As MOKE is found in reflection, the e↵ect depends cru-
cially on the penetration depth of the light into the material as well as on the mutual
orientation of the applied magnetic field direction or the magnetization of the material
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with respect to the plane of incidence and the sample surface. A general macroscopic
formalism for MOKE was shown, for instance, by Zak et al. [20, 21] where the general
expression for the Kerr signal was derived.
The Kerr e↵ect is particularly useful for thin metallic magnetic films and surfaces.
In this sense the technique is sometimes called SMOKE (which stands for the surface
magneto-optical Kerr e↵ect [22]). Generally, we can consider three di↵erent ”geome-
tries” of MOKE, called polar, longitudinal and transversal MOKE (see Fig. 2.2).
For the polar MOKE configuration, the magnetization vector M is parallel to the
plane of incidence and normal to the reflecting surface. Therefore, the measurements
conducted in this geometry are only sensitive to the out-of-plane component of the
magnetization. For the longitudinal MOKE, the magnetic field or the magnetization
vector is parallel to both the plane of incidence and the sample surface. Note, that in
the polar MOKE configuration, the angle of the Kerr rotation is usually significantly
larger than that of the longitudinal case for equivalent samples. Finally, for the trans-
verse MOKE geometry, the magnetic field or the magnetization vector is normal to
the plane of incidence and parallel to the surface. In this configuration, depending on
the incoming polarization, a Kerr rotation or ellipticity can not be observed, while a
change in intensity of the reflectivity is a measure of the magnetization.
To conclude, in sections 2.2.1 and 2.2.2 of this Chapter we briefly described that
both the Faraday e↵ect and MOKE can be implemented for probing the magnetic
states (or the magnetization) of a medium. The techniques, which use these e↵ects,
can be sensitive even to sub-monolayer magnetic films, when used in conjunction with
modulation schemes [22].
2.2.3 Magnetic circular dichroism
Describing the magneto-optical e↵ects at the beginning of this chapter, we made an
assumption of a transparent (non-absorbing) medium. However, this is not neces-
sarily the case in real materials. Therefore, before getting any further towards the
explanation of the experimens, presented in Chapters 4, 5 and 6, we briefly discuss
here how the dissipation in a magnetized medium changes its optical anisotropy.
According to the Kramers-Kronig relations, a magnetic field-induced splitting of
the dispersion curves of the refractive indices, resulting in magnetic linear or circular
birefringence, should be accompanied by a polarization-dependent splitting of the
spectral lines of absorption. The imaginary parts of the refractive indices for either
s- and p- linearly polarized light, or left- and right- circularly-polarized light, become
non-equivalent. This causes a di↵erence in absorption for di↵erent polarizations of
the light, propagating through the medium. These e↵ects are known as magnetic
linear dichroism (MLD) and magnetic circular dichroism (MCD), respectively [24].
The MCD can be determined as
MCD =
k     k +
k   + k +
,
where k   and k + are the absorption coe cients for left and right circularly polar-
ized light, respectively. If linearly-polarized light propagates through a magnetized
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medium which exhibits MCD or a medium with MCD in a magnetic field, the polar-
ization of the propagating light changes from linear to elliptical. This happens due to
the helicity-dependent absorption, present in media with MCD, and due to the fact,
that a linear polarization can be seen as a superposition of two circular polarizations
with opposite helicities. Therefore, linearly-polarized light, passing through magne-
tized media, can demonstrate both ellipticity and rotation of the polarization. Both
these parameters can be used as a measure of the magnetization of the medium. In
this Thesis, however, only rotation of the polarization was investigated.
MCD is a wavelength- and temperature-dependent material property. Its value
for a Gd26Fe65Co9 amorphous alloy, for example, at room temperature can be 1-2%
for visible light [25]. How small is that? Well, this couple of percents is su cient
to cause very obvious helicity-dependent phenomena, such as helicity-dependent all-
optical switching (HD-AOS) in ferrimagnets [23] or helicity-dependent ultrafast mag-
netization dynamics [26] and magnetization reversal [27] in ferromagnetic multilayers.
2.3 Static magneto-optical characterization
In Chapter 2.2 we discussed the basics of magneto-optics. In this section we will show
how the magneto-optical e↵ects can be implemented in practice for probing the mag-
netic states of materials and, particularly, for static magneto-optical characterization.
The schematic representation of a basic Faraday and MOKE experimental setup
is shown in Fig. 2.3. In both cases the same optical elements are used. The light is
generated by a light source, which can be a lamp, a lamp with a monochromator, a
continuous-wave or a pulsed laser system. A polarizer with a good polarization ex-
tinction ratio (generally, a Glan-Taylor prism) is used to ensure a su cient quality of
linearly-polarized incident light. To be able to tune the intensity of the illumination,
a half wave plate or a set of neutral optical filters is placed before the polarizer. Two
lenses are set before and after the sample to focus and to collect light, respectively.
By passing through the sample or reflecting from the sample located in a field of
a commercial electromagnet (the maximum field of our magnet is up to 2 T), the
polarization plane of light rotates due to the Faraday or magneto-optical Kerr ef-
fects. We measure the changes in polarization by using a so-called balanced-diodes
detector. For our experiments we used custom-made detectors, which consist of a
Wollaston prism, two absolutely identical Si photodiodes and a build-in pre-amplifier.
Due to the specific temperature-dependent behavior of ferrimagnetic materials stud-
ied in this Thesis, we also had to conduct temperature-dependent magneto-optical
measurements. For this reason, our samples were often placed in a commercially-
available magneto-optical cryostat, manufactured by Oxford Instruments. The cold
finger cryostat was cooled by liquid Helium or Nitrogen and the temperature could
be stabilized in the range from 10 K to 320 K with an accuracy better than 0.5 K.
Now, let us have a closer look at the detection scheme. The Wollaston prism
splits the incoming beam into the two orthogonal linearly polarized outgoing beams
aiming at the photodiodes. A couple of identical photodiodes (“photodiode A” and
“photodiode B”) allows us to obtain the following signals: IA, IB , IA+B and IA B .
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Figure 2.3: Schematic representation of a basic Faraday (geometry in transmission) and
MOKE (geometry in reflection) static experimental setup.
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The light intensities IA and IB , detected by the photodiodes A and B, depend on the
angle ↵ between the optical axis of the Wollaston prism and the incoming polarization
of light. If ↵ = 45° the intensities of the two beams are equal:
IA = I0 sin
2(45°) = I0 cos2(45°) = IB
The di↵erential signal is zero IA B = 0 and the scheme is balanced. Now, if some
magneto-optical e↵ect rotates the polarization plane of the incoming linearly-polarized
beam over an angle ✓rot, the di↵erential signal becomes
IA B = I0 sin2(45°+ ✓rot)  I0 cos2(45°+ ✓rot) = I0 sin(2✓rot)
For the materials studied in this Thesis, the angle ✓rot is considerably smaller than
one degree, therefore the following approximation is accurate [28]:
IA B = I0 sin(2✓rot) ⇡ 2I0✓rot.
This means the balanced detector scheme is capable to measure a signal, directly
proportional to the angle of the magneto-optical Faraday or Kerr rotation of the
polarization plane. Note, that ellipticity can also be measured by this setup, if an
additional quarter wave plate is placed in the transmitted/reflected beam, converting
the ellipticity into a rotation.
Dealing with small angles of magneto-optical rotation results in a detection of
weak signals. Light source intensity fluctuations, ambient light entering the detector,
and dark currents of the photo diodes, altogether can significantly increase the noise
of the measurements. Therefore we have to take care of the signal-to-noise ratio
of the experimental setup. In order to block the ambient light, we embedded an iris
diaphragm into the balanced detector. On top of that, for the dynamics measurements
explained later on, we used cut-o↵ optical filters to detect the signal only in the
wavelength range that corresponded to our probe beam. Another way to improve the
signal-to-noise ratio significantly is to use a combination of a signal modulation and
a lock-in amplifier. We can modulate the intensity of the signal or its polarization.
Thus one can implement a (mechanical) chopper (see Fig. 2.3), a Faraday cell or a
high-frequency photo-elastic modulator, placed after the light source [28]. All of these
devices are made to modulate the signal at a well-defined known frequency fr.
The (mechanical) chopper, shown in Fig. 2.3, modulates the intensity of the
magneto-optical signal at the “reference” frequency fr. When the chopper is “open”,
the signal is proportional to the magneto-optical rotation ✓r. When the chopper is
“closed” there is no optical signal. However, the noise of the experimental setup can
still be detected. Therefore, while the optical signal is modulated at fr, the level of
the noise stays unperturbed. To select only the spectral components of the signal
at the fr, we use the “Stanford Research SR830” lock-in amplifier. The detailed ex-
planation of the lock-in amplifier technique can be found in Ref. [29, 30]. In short,
the SR830 amplifies the signal and multiplies it with a lock-in reference (generally, a
sin-function at the same reference frequency fr). The result is a product of the two
sin-waves. These two AC signals are sent through an integration low-pass filter. The
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value of the integration time can be set manually. In our experiments we generally
integrate the signal during 300 ms. Ideally, after the low-pass filter, the DC signal
consists of the signal at the reference frequency only, as all the other contributions
are nullified. This is how the lock-in amplifier technique allows one to significantly
enhance the signal-to-noise ratio.
2.4 Time-resolved magneto-optics
In Chapter 2.3 we described the magneto-optical experimental setups, that can be em-
ployed for spectroscopic temperature dependent studies of static magnetic properties
of the materials. In order to investigate the ultrafast magnetization dynamics behavior
in the materials of interest, a stroboscopic time-resolved (called also a ”pump-probe”)
experimental technique is implemented.
2.4.1 Stroboscopic time-resolved magneto-optical measurements
In order to study the magnetization dynamics, a stroboscopic pump-probe technique
is implemented [28]. The general concept of this technique is the following. The light
source generates strong ultra-short laser pulses at fixed repetition rate. The power
of these pulses should be su cient to trigger changes in the magnetization of the
sample. The pulses should be shorter than the spin-relaxation processes of a mate-
rial, in order to trace the changes with the magnetization after the laser excitation.
The time-resolved stroboscopic technique uses two synchronised laser beams which
are known as the “pump” and the “probe”. The pump beam excites the medium
by a strong laser pulse. The probe beam is generally much weaker than the pump
and is normally obtained by splitting o↵ a small fraction of the pump beam. Probe
pulses do not induce any changes to the magnetization, have comparable pulse-width
with the pump and are delayed with respect to the pump. After the material has
been optically excited, the pump-induced magnetization changes are recorded by the
detection scheme, by monitoring changes of the polarization of the probe beam, trans-
mitted through the sample or reflected from the sample surface. In a stroboscopic
regime this process is repeated many times (with the reference frequency of the laser
repetition rate, in our case 500 times per second) and the lock-in amplifier averages
this value. This allows one to know the changes of the magnetic state of the system
at any particular time after the laser pump excitation. The delay between the pump
and the probe is changed, and the process is repeated. By plotting the values of the
pump-induced magneto-optical rotation of the polarization as a function of delay time
we are able to reconstruct the magnetization dynamics behavior. Note that in order
to obtain a reliable averaging in this way, the sample has to be back in its original
unperturbed state before the next pump-probe pair arrives.
Figure 2.4 shows the schematic of a typical ultrafast magneto-optical pump-probe
setup, used for ultrafast magnetization dynamics studies. The geometry of the setup
generally depends on the type of experiment and the sample properties, such as its
opaqueness, anisotropy etc. However, the main components of these setups remain
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Figure 2.4: Schematic representation of a time-resolved magneto-optical setup, used for
ultrafast magnetization dynamics studies of a transparent sample.
the same: a pulsed laser system, a modulator of the signal, a mechanical delay stage,
polarizers, lenses, filters, an electromagnet, a balanced detector, two lock-ins and a
computer, running the LabView software that controls the experiment.
The laser system can be considered as the core of any time-resolved magneto-
optical setup. For the experiments presented in this Thesis, a commercial femtosecond
laser system from “Spectra-Physics” was implemented. The system consists of the
following components:
1. The seeding femtosecond Ti:Sapphire oscillator, which is a mode-locked
femtosecond Ti3+:Al2O3 laser (“Spectra-Physics Tsunami”), pumped by 5 watts
of 532 nm illumination of a solid-state continuous-wave Nd:YVO4 laser (“Spectra-
Physics Millenia Pro”). The “Millenia Pro” laser excites the Ti3+ ions, which
fluoresces the light in a broad spectral range of 700–1000 nm. Tuning the posi-
tion of a prism and slits inside the “Tsunami” system allows one to pick out a
proper wavelength. For our experiments the wavelength of   = 800±20 nm was
used. The laser operation is specified at a nominal repetition rate of 80 MHz
and the output consists of pulses with a Gaussian temporal profile and a typical
pulse-duration (FWHM) of 60 fs. The laser energy can be up to a few nJ/pulse.
More information about this part of the femtosecond laser system can be found
in Ref. [31].
2. The regenerative amplifier. We mentioned above the “strong” pump pulses,
required for the time-resolved magnetization dynamics studies. In order to
generate these pulses, the beam from the “Spectra-Physics Tsunami” system
should be amplified by at least 2-3 orders of magnitude. For this we employ
the “Spectra-Physics Spitfire Pro” regenerative amplifier, pumped by the 10 W
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Figure 2.5: Schematic representation of chirped pulse amplification technique, employed
in the regenerative amplifier. The seeding pulses, generated by the ultrafast Ti:Sapphire
oscillator, are stretched, amplified by the Nd:YLF pump laser and then recompressed.
of a solid-state 527 nm “Spectra-Physics Empower” laser, that works with a
repetition rate of 1 kHz and produces pulses with a FWHM of 100 ns. The
wavelength of 527 nm is strongly absorbed by the Ti:Sapphire crystal of the
“Spitfire Pro” laser system. This creates a population inversion in the cavity.
A single pulse from the seeding laser is picked out by two Pockels cells. This
single laser pulse is able to trigger the stimulated emission of the cavity. To
avoid permanent damage of the Ti:Sapphire crystal of the “Spitfire Pro” system,
which can occur when an intense laser beam travels through the crystal, due to
the nonlinear optical e↵ect called self-focusing, the chirped pulse amplification
technique should be used.
The schematic representation of this technique is shown in Fig. 2.5. The first
step is to stretch the seed pulse, reducing its peak power. The second step is to
amplify the stretched pulse. This amplification is the result of the population
inversion, created by the “Empower” laser, and the stimulated emission, caused
by the stretched pulse. The third step recompresses the stretched, amplified
pulse as close as possible to its original duration. The repetition rate of the re-
generative amplifier is determined by the “Empower” laser system. The output
laser energy can be up to 2 mJ/pulse. More information about this part of the
femtosecond laser system can be found in Ref. [32].
3. Optical Parametric Amplifier. Ultrafast time-resolved magnetization dy-
namics studies often require access to wavelengths that are not directly covered
by the fundamental Ti:Sapphire output or through its direct frequency conver-
sion with harmonic generation. For this reason an optical parametric amplifier
(in our case a commercial “Spectra-Physics OPA-800C”) can be used. This
component of the laser system allows to tune the wavelength of the laser il-
lumination. For the experiments, presented in this Thesis, the “OPA-800C”
operated in the visible range from 420 nm to 750 nm. The e ciency of light-
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conversion by an OPA depends on the wavelength and the output laser energy,
and it is in the order of tens of µJ/pulse. More information about this part of
the femtosecond laser system can be found in Ref. [33].
The components listed above altogether form the femtosecond laser system (shown
as a rectangle in Fig. 2.4), which provides 800 nm pump pulses at 1 kHz, synchronised
with much weaker probe pulses of a varied wavelength. For the time-resolved magneti-
zation dynamics studies we need to be able to control the delay between the pump and
the probe pulses. For this we guide the pump beam through the (optical) delay stage
by using two mirrors. The delay stage is essentially a retroreflector, mounted on a
500 mm motorized translation stage, operated by LabView software with a minimum
step size of 0.5 µm (this corresponds to an optical step size of 1 µm, corresponding
to a time step of 1µm/3 ⇥ 1014µm/s = 3.3fs). It is commercially available and is
manufactured by Newport. By moving the retroreflector on the translation stage we
decrease or increase the optical pump path with respect to the fixed probe, changing
the delay between their pulses. We tune the intensity of the pump by a polarizer
and a half wave plate, placed before it, and focus the resulting beam on the sample,
thus exciting it. The optical path of the probe is similar to the one, explained in
Chapter 2.3. The probe beam should essentially be focused at the same spot on the
sample, where the pump spot is. In practice, the probe beam is focused tighter than
the pump for a better quality of the signal. Apart from the spatial there is also a
temporal overlap, or a “zero delay” – a situation when the lengths of the optical paths
of the pump and the probe beams are equal. The very first step before starting the
experiment is to check both of these conditions.
The probe beam has a repetition rate of f1 = 1 kHz (the default repetition rate
of the laser system), while the pump beam is modulated by a (mechanical) chopper
at f2 = 500 Hz, which is synchronized with the laser and blocks every second pulse
of the pump. Therefore, the lock-in amplifier compares the IA B values with and
without the optical pump excitation and the result is proportional to the pump-
induced changes of the magneto-optical rotation, which is assumed proportional to
the pump-induced changes of the magnetization. These changes are normalized by the
value of the magnetization, derived from the hysteresis, obtained by static magneto-
optical characterization. In order to eliminate any non-magnetic contributions in the
magneto-optical signal, every experiment is performed twice with both polarities of
the magnetic field. Then the di↵erence is taken between the corresponding values of
the signal.
2.4.2 Single optical pulse excitation
The stroboscopic time-resolved magneto-optical technique, described in section. 2.4.1,
is a widely-used method for magnetization dynamics studies. The averaging of the
magnetic states after a repetitive pump-excitation of the sample provides an adequate
signal-to-noise ratio even when the magneto-optical signal is, for instance, of the order
of tens of millidegrees. For this to work well, it is important that the dynamics is
reproducible and that the system relaxes back to its original state after each pump-
probe pair of pulses. However, sometimes it can be important to have a direct access
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to the magnetization dynamics, purely induced by the ultrafast stimulus, and to elim-
inate any possible cumulative e↵ects. The origin of these e↵ects can for example be
a storing of heat in a medium, caused by a repetitive high-power optical excitation
at high frequency [34]. Others can be domain wall motion [35], presumably caused
by emerging temperature gradients due to magnetic circular dichroism. Addition-
ally, there are e↵ects that bring a system into a long-lasting (meta)stable magnetic
state already after a single laser pulse excitation. It can be seen, for example, in the
all-optical switching phenomenon [36]. In order to disentangle the pure optical fem-
tosecond pump-induced processes from the slow cumulative e↵ects, which occur on
a time-scale of nanoseconds or even milliseconds, it is important to be able to probe
the magnetic state of the material at certain time-delay after a single laser pulse
excitation.
In order to pick out a single optical pulse for the laser excitation we use a com-
bination of a mechanical shutter, a commercially available digital delay generator
“Stanford Research Systems DG645” and a commercially available external electro-
optic modulator “Avesta Pulse Picker Model OG8-1-1”. More information about
these devices can be found in Ref. [37, 38]. The pulse picker operation is based on the
linear electrooptic Pockels e↵ect. An electro-optical crystal of deuterated potassium
dihydrogen phosphate (or DKDP) is placed between two polarizers which optical axis
are oriented perpendicularly with respect to each other. A linearly polarized light
pulse passes through the first Glan prism. By applying a high voltage (⇡10 kV)
to the electro-optical crystal we induce birefringence. When the birefringent phase
di↵erence reaches  /2, the polarization of the pump is rotated by 90° and linearly
polarized light freely passes through the second Glan prism. When no voltage is ap-
plied, the polarization does not rotate and the second polarizer reflects the light. The
”Pulse Picker Model OG8-1-1” is synchronised with the “Spitfire Pro” and allows one
to reduce the repetition rate of the pump pulses from 1 kHz down to 2 Hz. There-
fore, at the output we can get two pump pulses every second. To pick out only one
pulse, we use the mechanical shutter, controlled by the “DG645” generator, which is
operated in a single-shot regime and is synchronized with the pulse picker. The delay
generator receives a command from the LabView software to trigger an action, which
closes the mechanical shutter until the next trigger is received.
2.4.3 Single-shot time-resolved magneto-optical imaging
By replacing the balanced detector with a CCD camera in the time-resolved magneto-
optical setup, described in Chapter 2.4.1, and by implementing a single optical pump
excitation method, explained in Chapter 2.4.2, we made a single-shot time-resolved
magneto-optical imaging set up. The aim of this upgrade is to image the magnetic
state of a medium at any particular delay after a single laser pulse excitation in the
presence or absence of an external magnetic field.
To image the magneto-optical Faraday signal, a cross-polarized scheme with two
Glan-Taylor prisms, rotated by nearly 90° with respect to each other, was employed.
The probe was projected on a commercially available monochrome high-resolution
“The Photometrics CoolSNAPHQ” CCD (charged coupled device) camera by a mi-
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Figure 2.6: Schematic representation of a time-resolved magnetization dynamics imaging
setup built in the Faraday geometry.
croscope 10x objective. In contrast with the stroboscopic pump-probe technique,
described in Chapter 2.4.1, the imaging requires the probe beam to be focused wider
than the pump, ideally providing a homogeneous weak illumination of the whole area
of the sample, the magnetic state of which should be captured. The wide and weak
probe beam does not influence the magnetization in any sense. As a result of this
implementation, we get a single pump pulse, which excites the sample, and a lot
of probe pulses, delayed by the (optical) delay stage with respect to the pump and
generated at f1 = 1 kHz. From a train of the probe pulses the camera should pick
out the first one, the one which hits the sample directly after the pump excitation.
This is possible by means of the delay generator. The camera is triggered by the
delay generator DG645, which also triggers the shutter for the pump and is synchro-
nized with the femtosecond laser system. The exposure window of the camera opens
before the first probe pulse hits the sample and closes right after it. All of the fol-
lowing probe pulses are ignored by the camera. Moreover, the exposure time of the
camera should not exceed 1/f1 = 1/(1 kHz) = 1 ms, and the specifications of “The
Photometrics CoolSNAPHQ” allow us to do it. More information about the CCD
camera operation and its features can be found in Ref. [39]. Interestingly, by using
the delay generator one can shift the exposure window and trigger the camera during
the second, third and further following probe pulses, thus probing the magnetic state
milliseconds after the laser pulse excitation, without physically extending the optical
delay line. This technical trick helped one of the co-builders of this setup to explain
an independence of the cumulative magnetization reversal e↵ect in Co/Pt multilayers
from an accumulation of DC-heating [35].
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Having described such essentials as the excitation and measuring processes, in the
following two paragraphs we will explain the whole single-shot time-resolved imaging
procedure. The schematic representation of this setup, built in the Faraday geometry
is shown in Fig. 2.6. During the experiment, our samples were excited by a single
linearly or circularly polarized 60-fs laser pulse with a central wavelength of   =
800 nm, a beam-radius ranging from   ⇡ 50 µm to   ⇡ 80 µm, and a fluence ranging
from 1 mJ/cm2 to 14 mJ/cm2. The magnetization state was probed by a time-
delayed single linearly polarized laser pulse (⌧ ⇡ 60 fs,   = 400 nm or   = 630 nm,
  ⇡ 1 mm, and a laser fluence < 0.1 mJ/cm2). In order to protect the camera from
the 800 nm pump illumination, a low-pass filter with a cut-o↵ wavelength of 750 nm
was installed in front of the camera. Employing the magneto-optical Kerr or Faraday
e↵ects, domains with the magnetization parallel or antiparallel to the sample normal
are seen as bright or dark regions, respectively, in the images recorded by a CCD
camera. After the excited magnetization state had been captured, we blocked the
pump path by a (mechanical) shutter and restored the initial conditions by applying
an external magnetic field (Hext). For certain samples (for instance, opaque Co/Pt
multilayers from Chapter 6) we could apply the magnetic field perpendicularly to
the sample surface. For others (such as transparent Gd/Fe multilayers, described in
Chapter 5), in view of the volumetric occupation of the imaging system, an external
field was applied at   ⇡ 20° to the sample surface, still being su cient to saturate
the sample magnetization. After this we switched the external magnetic field o↵ for
the next excitation/measuring event (Hext = 0 mT). Alternatively, we could apply
a constant magnetic field, smaller than the coercive field (Hext < Hc) during the
whole excitation/reading process, to study, for instance, the heat-assisted magnetic
field-induced magnetization reversal of a sample. Using of a magneto-optical cryostat
allowed us to conduct the experiments in a temperature range between 10 K and
320 K with an accuracy better than 0.5 K.
To be able to calibrate the Mz signal, before any laser excitation we applied an
external magnetic field, saturating the sample magnetization parallel to the sample
normal. Then the external magnetic field was switched o↵ and we averaged the
pixels color value ascribed to the Mz," state. By repeating the procedure for the
opposite direction of the magnetic field, we determined the Mz,# signal. We defined
an initial magnetization value before the laser excitation asM0 = (Mz," Mz,#)/2. We
normalized the photo-induced magnetization Mz for every image taken at various time
delays between pump and probe laser pulses, and reconstructed the magnetization
dynamics by plotting the Mz(t)/M0 values as a function of time.
2.5 Summary
To conclude, the field of femto-magnetism uses powerful magneto-optical techniques
for studying the magnetic phenomena occurring on the ultra-fast (i.e. the femtosec-
ond) time-scale. In this Chapter we showed how these tools can practically be imple-
mented. We reviewed the basics of the Faraday and Kerr e↵ects, discussed magnetic
linear and circular dichroism, and described the experimental setups, built for the
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magneto-optical studies, presented in the following chapters.
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Chapter3
Thin magnetic films and
multilayered structures
Developments of magnetron sputtering [1, 2] and molecular beam epitaxy [3] tech-
niques over the past decades provided an opportunity to produce, in a controlled way,
high-quality magnetic thin films and multilayered structures. The demand on thin
film structures originates from their magnetic properties being di↵erent from those
of bulk media. The di↵erences can be demonstrated for example by: the existence of
interface magnetic anisotropies, giant magnetoresistance (GMR) and interlayer cou-
plings or, for example, by the existence of such phenomena as exchange bias [4] in
layered antiferromagnetic (AFM) – ferromagnetic (FM) structures. To see how dif-
ferent the magnetization dynamics can be in these structures, we refer to Chapter 5
of this manuscript.
In Chapter 3 we describe materials, of which the ultrafast magnetization dynamics
is presented in the Thesis as well as their magnetic properties, and explain why these
particular structures have an interest for us. We also explain how the samples were
fabricated.
3.1 Transition metal elements
In the Thesis we present the studies of magnetic structures, which consist of rare-
earth (Gd) and transition metal (Fe, Co, Pt) elements. Let us explain what these
elements are. We shall start with the transition metals.
The transition metals (TM) are the elements which form one or more stable ions
which have incompletely filled d orbitals. There are three transition metals that are
generally considered as archetypical for the whole subject of metallic magnetism [7].
These elements are Co (cobalt), Ni (nickel) and Fe (iron). Only these elements exhibit
ferromagnetism at room temperature. This fact makes them particularly very attrac-
41
42 Thin magnetic films and multilayered structures
Figure 3.1: Slater-Pauling curve: saturation magnetization of ferromagnetic alloys as a
function of the electron concentration (adapted from [7]).
tive for technological applications. Most magnetic multilayers or magnetic alloys made
for engineering purposes nowadays contain one or more of these elements. The carri-
ers of magnetism in these elements are the 3d electrons, which form band structures
together with the 4s electrons. The band-width of the 3d electrons is typically 3 eV,
and the exchange splitting, defined as a relative shift of spin-up and spin-down bands,
is of the order of 1 eV [9]. Conduction electrons have a large spatial wavefunction
spread over multiple atomic radii. As a consequence of the overlapping wavefunctions
of neighbouring electrons, the exchange interaction is strong. This gives rise to a
high Curie point (the temperature at which a ferromagnetic-paramagnetic transition
occurs), that makes these materials even more attractive for industrial applications.
Table 3.1: Fundamental magnetic properties of iron, cobalt and nickel (adopted from [9]
and [12]). The orbital magnetic moments are calculated by the full-potential-linearized
augmented plane wave method in the Hedin-Lundqvist local density approximation. Exper-
imental lattice constants were used.
Fe Co Ni
Saturation magnetization (emu/g) 221.71± 0.08 162.55 58.57± 0.03
Saturation magnetization (µB/atom) 2.216 1.715 0.616
Curie temperature Tc (K) 1044± 2 1388± 2 627.4± 0.3
Orbital magnetic moments (µB/atom) 0.05 0.08 0.05
The magnetic moments of elements can be defined in accordance with Hund’s
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rule. Fe, Co and Ni have atomic numbers of 26, 27 and 28, and respectively 4, 3
and 2 vacancies in the 3d orbitals. According to Hund’s rule, one can expect the
atomic spin magnetic moments to have integer values and to be equal to 4µB, 3µB
and 2µB, respectively (in addition to the orbital magnetic moment), where µB is a
Bohr magneton or the magnetic moment of the electron. Actually, however, in their
bulk form these elements exhibit saturation magnetic moments of only 2.2µB, 1.7µB
and 0.6µB, respectively, at 0 K [10]. The non-integer values indicate that a purely
localized description of the magnetic moment can not be used. Magnetic moments
of the 3d TMs are (partially) delocalized and their magnetic properties are usually
described by band or itinerant ferromagnetism [7, 8]. The magnetic moments of Fe,
Co and Ni can be derived from calculated densities of states for these materials. The
saturation magnetic moment at 0 K can also be plotted as a function of the number
of electrons per atom. This graphical representation is called the “Slater-Pauling
curve” [11] and is presented in Fig. 3.1. The orbital magnetic moments of Fe, Co and
Ni can also be calculated [9]. The calculations reveal that the magnetic moments of
the transition metals are nearly entirely due to the d electrons and are dominated
by the spin moment. The orbital moment contribution is only about 2–10%. We
summarized values of some fundamental magnetic properties of Fe, Ni and Co in
Table 3.1
Previously we mentioned that Fe, Ni and Co demonstrate ferromagnetism in nor-
mal conditions and relatively high Curie temperatures, which made them suitable for
engineering of magnetic structures for industrial applications. There is another prac-
tical aspect of these TM elements, which makes their usage appealing for us. Since
this Thesis presents studies of the magnetization dynamics by magneto-optical tech-
niques, described in Chapter 2, for our measurements it is crucial to have reasonable
values of the magneto-optical response from the samples, which we can probe opti-
cally. Fe, Ni and Co are good candidates in this sense as well, since they demonstrate
strong magneto-optical responses even at low photon energies, due to the fact that the
magnetic moments of these elements are carried by the itinerant 3d electrons near the
Fermi level. Because of multiple possible low-energy transitions within the conduc-
tion band of these ferromagnets, their magneto-optical Kerr and Faraday responses
are reasonably strong in the near-infrared regime [13].
Another TM element, used in our multilayered structures, is Pt (platinum). Pt is
a 5d TM. This element has no permanent magnetic moment associated with it, which
means it is paramagnetic. However, due to the strong spin-orbit coupling, Pt in alloys
with other metals forms ferromagnetic or very nearly ferromagnetic materials with
particular magnetic properties, such as strong anisotropy or magneto-optical response.
Dilute additions of elements of the iron group with platinum and its neighbours give
rise to enhanced moments, which are interpreted as arising from an interaction of the
solute moment with the 4d or 5d host electrons. Ferromagnetic and antiferromagnetic
structures such as, for example, FeRh, Pt3Fe, Pd3Fe and CoPt, may result from
greater additions of the iron group to the platinum metals. Compounds of Pt with
RE’s can also form magnetic structures with unusual properties [14].
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3.2 Rare earth elements
Rare-earth (RE) elements are any of a group of chemically similar metallic elements
comprising the lanthanide series, scandium and yttrium. They are not especially
rare, but they tend to occur together in nature and are di cult to separate from one
another. For the neutral atoms their electronic structure consists of a Xe atom core
with a partially filled 4f shell and outer valence electrons in the 5d and 6s shells.
The carriers of magnetism in the RE elements are therefore the 4f electrons, which
are located deep inside the atoms and at a few eV below the Fermi level. When
these RE atoms condense to form metals, the electrons in the outer shells [(5d)1(6s)2]
are shared by many atoms and contribute to electrical conductivity and metallic
bonding. This is the most common metallic state of the REs, which is also known
as a trivalent state. At the same time, the [(5d)1(6s)2] electrons serve as a medium
of exchange interaction which produces ordered arrangements of the 4f spins. Pure
RE metals with less than half the maximum number (fourteen) of 4f electrons, such
as La, Ce, Pr, Nd, Sm, and Eu, are known as the light REs and exhibit only weak
magnetism. The elements with more than half, such as Gd, Tb, Dy, Ho, Er, and Tm,
are called the heavy REs, and are ferromagnetic at low temperatures. Along the RE
series the 4f shell is filled up as the atomic number increases, while the conduction
band remains quite similar. As a consequence, the chemical properties of all the RE
elements are mostly identical [9, 10]. At the same time, because the ligand field does
not destroy the orbital moment in the 4f shell, the total moment has both spin and
orbital contributions, except for the case of Gd where the orbital 4f moment is zero
due to the half-filled shell. The di↵erences in the net spin and the orbital moments
cause variations of the magnetic properties of the REs. We summarized some bulk
magnetic properties such as the net spin, orbital total and angular moments as well
as the saturation magnetizations and the magnetic ordering temperatures of the RE
elements in Table 3.2.
The fact that the magnetic ordering temperatures are below room temperature
indicates a rather weak exchange coupling between the atoms. This coupling has two
contributions. The first one arises from the indirect exchange coupling or RKKY in-
teraction between the 4f atomic moments and involves predominantly the “itinerant”
outer s   p electrons. This interaction is long-range and oscillatory and for the REs
is mostly antiferromagnetic. In addition, there is a direct overlap of the 4f and 5d
electrons on a given atom. The overlap yields a strong direct exchange and polarizes
the 5d electrons which assume a magnetic splitting and a magnetic moment. For
example, the total magnetic moment of Gd metal consists of 7.0µB 4f and 0.6µB 5d
contribution. Similar to the 3d TMs, the 5d electrons in Gd can now give rise to a
direct exchange contribution [9].
As can be seen from Table 3.2, six of the heavy REs become ferromagnetic at
su ciently low temperatures and five (Tb through Tm) pass through an intermedi-
ate antiferromagnetic phase. Gd, used in our samples, has the highest ferromagnetic
transition temperature TC = 293 K, which is just below room temperature, and has
a simple arrangement of parallel spins. Therefore, in addition to the 3d TMs men-
tioned above (Fe, Co, and Ni), the RE metal Gd can be called the fourth elementary
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Table 3.2: Magnetic ground states for 4f ions of rare earth elements obtained by the
Hund’s rules. For each ion, the shell configuration and the predicted values of S, L and J
(which correspond to the quantum numbers for the spin, orbital and total angular moments,
respectively), for the ground state are listed. Both theoretical (ms) and experimental (ms,exp)
values of the saturation moments per rare-earth atom are listed. The theoretical values are
determined as ms = gJ, where g is the Lande` g-factor that corresponds to 3/2 + [S(S +
1)L(L+ 1)]/2J(J + 1). TN and TC denote transition temperatures to magnetically-ordered
states without and with a net moment respectively. The table is adopted from references [10]
and [15].
ion shell S L J ms (µB) ms,exp (µB) TN (K) TC (K)
Ce3+ 4f1 1/2 3 5/2 2.1 – 13.7 –
Pr3+ 4f2 1 5 4 3.2 – 0.05 –
Nd3+ 4f3 3/2 6 9/2 3.3 – 19.9 –
Pm3+ 4f4 2 6 4 2.4 – – –
Sm3+ 4f5 5/2 5 5/2 0.7 – 106 –
Eu3+ 4f6 3 3 0 0 – 90.4 –
Gd3+ 4f7 7/2 0 7/2 7.0 7.55 – 293
Tb3+ 4f8 3 3 6 9.0 9.34 230 220
Dy3+ 4f9 5/2 5 15/2 10.0 10.20 179 89
Ho3+ 4f10 2 6 8 10.0 10.34 132 20
Er3+ 4f11 3/2 6 15/2 9.0 8.0 85 20
Tm3+ 4f12 1 5 6 7.0 3.4 58 32
Yb3+ 4f13 1/2 3 7/2 4.0 – – –
ferromagnetic metal in nature. Also, Gd is di↵erent from other heavy RE metals in
a sense, that it has no orbital momentum L, so the magneto-crystalline anisotropy is
relatively small. It is therefore relatively easy to magnetize. According to recent mea-
surements, the saturation magnetization of a purified (99.99%) Gd sample is 7.55µB.
This value is larger than theoretically predicted value of 7µB due to the contribution
from the 5d electrons to the saturation magnetization (see Ref. [10] and references
therein).
3.3 Amorphous rare-earth – transition metal alloys
Despite the strong magnetism of the RE elements, it is not convenient to use pure
REs for technological applications due to their low ordering temperatures (see Ta-
ble 3.2). That is why alloying of REs with TMs became widely popular. Metallic
amorphous alloys, sometimes also called metallic glasses, composed of magnetic RE
elements and magnetic 3d elements, have found their way into many applications
such as high-performance permanent magnets, magneto-optic-recording materials,
and magneto-acoustic devices. The important feature of these amorphous systems
is the appearance of anti-ferromagnetic or ferrimagnetic spin arrangements. The
favourable properties of these materials are partly due to the RE sublattice (high
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magneto-crystalline anisotropy, magnetostriction and magnetic moments) and partly
due to the 3d TM sublattice (high common magnetic-ordering temperature, which can
now be well above room temperature [16]). Strictly speaking, the term ”sublattice”
loses a part of its meaning for amorphous alloys, since, as has been already mentioned,
a crystallographic long-range atomic order does not exist in these materials. There-
fore, from now on we will use this term only to separate magnetic moments of the
REs and the TMs in amorphous alloys. The structural disorder leads to a di↵erent
behavior of these materials with respect to their electronic and magnetic properties,
as compared to their crystalline counterparts, where the lattice periodicity and the
crystal symmetry are important factors that can control the basic properties. In par-
ticular, the magnetic properties of amorphous alloys are strongly a↵ected by the bond
and chemical disorder, causing a distribution in the magnetic moments and exchange
interactions. Therefore, adjustment of alloy chemical compositions allows one to tune
their magnetic properties, such as the Curie temperature, room temperature satu-
ration magnetization and anisotropy. In order to have a combination of favourable
properties in one and the same amorphous alloy, it is crucially important that there
is a strong magnetic coupling between the two magnetic sublattices involved [17].
There are several hundreds of intermetallic compounds composed of REs and 3d
TMs and their magnetic properties are fairly well known and have been reviewed,
for example, in Ref. [18]. Without exception it has been found that for these alloys
the RE spin moment couples antiparallel to the 3d spin moment in the ground state.
This feature has been explained by means of an extension of the itinerant-electron
model [17, 19]. The model considers the role of the RE 5d electrons which act as
intermediaries for the coupling between the 3d and strongly localized 4f spins, which is
always antiparallel. Thus, the RE – TM coupling is mediated through an interatomic
4f   5d  3d exchange [20]. These 5d valence electrons are accommodated in narrow
5d bands, in a similar way as the 3d electrons of the 3d TMs are accommodated in 3d
bands. In the following sections we describe materials used for the magneto-optical
studies presented in the Thesis, starting with the GdFeCo amorphous alloys.
3.4 Gd1 x(Fe1 yCoy)x amorphous alloys
In Chapter 1 we described the all-optical switching phenomenon (AOS), which had
been observed for the first time in a 20 nm thin film of Gd22Fe74.6Co3.4 amorphous
alloy [5]. Gadolinium is a heavy RE element, therefore GdFeCo belongs to the class of
heavy RE–TM amorphous alloys with RE and TM sublattices coupled antiferromag-
netically. This material demonstrates a non-compensated net magnetic moment in
a wide range of temperatures, which makes it ferrimagnetic. Historically, the binary
and ternary amorphous alloys with a general composition formula Gd1 x(Fe1 yCoy)x
where 0 < x < 1 and 0  y  1 were widely studied as promising candidates for
magneto-optical recording [21]. They have also been known for their strong magneto-
optical e↵ects [22]. These materials demonstrate large magnetic domains, which can
be resolved in conventional magneto-optical Kerr or Faraday microscopes. Thin films
of these alloys can demonstrate either out-of-plane or in-plane magnetic anisotropy,
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Figure 3.2: Temperature dependence of the coercive field, the net magnetic moments and
the magnetic moments of the rare earth (MRE) and transition metal (MTM) elements in
GdFeCo amorphous alloys. Below the magnetization compensation temperature (TM) the
MRE > MTM, while at T > TM the MRE < MTM. This leads to the reversal of the net
magnetic moment of the whole system, while crossing the TM. The coercive field at the TM
diverges. The figure is adapted from [23].
which depends on the thickness of the film and on the concentrations of Gd and FeCo.
From our experience with 20 nm-thick films of Gd1 x(Fe1 yCoy)x amorphous alloys,
we may conclude that variation of the Gd concentration in a range between 24 and
27, makes the alloy exhibiting strong perpendicular magnetic anisotropy (PMA) and
square hysteresis loops.
RE (Gd) and TM (Fe) magnetic sublatices are coupled antiferromagnetically in
Gd1 x(Fe1 yCoy)x amorphous alloys. A small content of Co is added to enhance the
magneto-optical Faraday and Kerr e↵ects at room temperature, as well as to facilitate
tuning of the Curie point. Typically, the Curie temperature for these RE–TM amor-
phous alloys is in the range between 500 K and 700 K [22]. Due to di↵erent strengths
of the exchange coupling between Gd and Fe atoms, the temperature dependences
of the magnetic moments of gadolinium (MRE(T)) and iron (MTM(T)) are di↵erent
(see Fig. 3.2). Depending on concentration, particularly, at lower temperatures the
absolute value of MRE can be larger than the absolute value of MTM. However,
the temperature increase leads to a faster MRE decrease compared to the MTM one.
Therefore, there could be a certain temperature at which the absolute values of the
magnetic moments of the two antiferromagnetically coupled sublatices become equiv-
alent and the net magnetic moment of the whole system vanishes. This temperature
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is known as the magnetization compensation temperature (TM):
MRE(TM) +MTM(TM) =MNet(TM) = 0.
As illustrated in Fig. 3.2, the net magnetic moment MNet of the whole system is
aligned along the MRE at T < TM, while at T > TM the MNet is pointed in the di-
rection of theMTM. Precisely at T = TM, the strength of the magnetic field, required
to demagnetize the RE–TM amorphous alloy, diverges. The so-called “coercive field”
Hc can be defined by the magnetic anisotropy Ku and the magnetization saturation
Ms as Hc / Ku/Ms [24]. The Ku has a weak temperature dependence, while the Ms
quenches at TM. Considering the limT!TM Ms(T), where the net magnetic moment
vanishes, one can see that magnetization can not be reversed with a magnetic field
and, therefore, the limT!TM Hc(T) =1. In practice, however, some recent experi-
ments on GdFeCo amorphous alloys in high magnetic fields suggest that the coercive
field divergence can be capped by a certain value, above which a spin-flop transition
may occur [25]. The spin-flop field becomes smaller than the coercive field. This leads
to a competition between the sublattice structure that wants to be out-of-plane along
the z-direction and the Zeeman interaction, that pushes the system towards a canted
state. This competition results in a smaller than expected coercive field, which also
does not diverge.
We note here, that the actual di↵erences in the temperature dependencies of the
MTM and MRE are relatively small in compounds which demonstrate a TM. This
means that the MNet is also relatively small. The demagnetizing field, which is pro-
portional to MNet, is, therefore, not strong enough to pull the magnetization in-plane
and the role of the uniaxial anisotropy [9], tending to pull the magnetization out-
of-plane, increases. This results in the out-of-plane magnetic anisotropy of GdFeCo
amorphous alloys which demonstrate a TM.
3.5 RE–TM amorphous alloys and synthetic ferrimagnets
So far, the ultrafast magnetization dynamics of AOS has only been measured in RE–
TM amorphous alloys, the ferrimagnetic materials which essential attributes are their
antiferromagnetic coupling between the RE and TM sublattices and their distinct
demagnetization times [26]. And although the GdFeCo amorphous alloys, described
in the previous section, are suitable for AOS, their potential implementation in high
density all-optical magnetic recording devices is unlikely, due to their amorphous
structure and their low magnetic anisotropy. The latter limits the domain size and,
consequently, the density of a magnetic storage device. In order to overcome these
limitations, an idea of using synthetic ferrimagnetic heterostructures for AOS was
proposed [27, 28]. In the simplest case these synthetic ferrimagnets should consist of
two TMs antiferromagnetically exchange coupled through a non-magnetic spacer [27].
In practice, however, the recipe for these multilayers appeared to be more complex.
Mangin et al. empirically determined three basic requirements for synthetic ferri-
magnetic multilayers, which potentially can be suitable for AOS [29, 30]. First of all,
they looked for structures consisting of two magnetic sublattices (or layers) that were
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Figure 3.3: Schematic representation of the ferrimagnetic samples, selected for magneto-
optical studies, presented in this manuscript: (a) magnetic bilayers of GdFeCo amorphous
alloys with di↵erent concentrations of Gd; (b) magnetic Gd/FeCo multilayer with perpen-
dicular magnetic anisotropy.
antiferromagnetically coupled. Second, they required that the magnetizations of the
two magnetic sublattices (or layers) would have di↵erent temperature dependencies
such that a TM would be present. And finally, they ensured that the system exhibited
PMA. It turned out, that a proper selection of materials and adjustments of the layers
thicknesses, allow one to create heterostructures that mimic magnetic properties of
RE–TM amorphous alloys. Particularly, their results revealed that fulfilment of all
three requirements can make the structures suitable for a helicity-dependent optomag-
netic switching. The Ta/Pd/[Co/Ir/Co/Ni/Pt/Co/Ir]5/Pd structure was one of the
examples. Helicity-dependent optomagnetic switching in this and all the other sam-
ples in Ref. [30] was confirmed by presenting static magneto-optical images, obtained
after a 800 nm 100 fs circularly-polarized laser beam had been swiped along the sam-
ple surface. Unfortunately, these static experiments cannot confirm that the observed
optomagnetic switching is of the same nature as AOS in GdFeCo amorphous alloys,
since static images do not provide any insights neither into the mechanism of the mag-
netization reversal nor into the characteristic times of the process. Moreover, half a
year later the same group demonstrated similar images with a helicity-dependent op-
tomagnetic switching in ferromagnets [31], which turned out to be a cumulative e↵ect,
completely di↵erent from AOS in GdFeCo amorphous alloys (see Chapter 6 for more
details).
Recent studies of GdFeCo amorphous alloys [32] question the possibility of AOS
in synthetic ferrimagnetic heterostructures and multilayers in general, since they
revealed that amorphous alloys display nanoscale chemical and magnetic inhomo-
geneities, which do a↵ect their spin dynamics. Graves et al. showed that a non-local
transfer of angular momentum to Gd-rich nano-regions from larger adjacent Fe-rich
nano-regions can play a significant role for AOS in GdFeCo. Additionally, recent nu-
merical simulations predicted AOS in synthetic ferrimagnetic heterostructures with
rather unusual magnetization dynamics [33]. In practice, however, the ultrafast laser-
induced magnetization dynamics of synthetic ferrimagnetic multilayers has never been
measured so far to the best of our knowledge. Therefore one has to find out if AOS
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is possible in synthetic ferrimagnets or any other multilayers and if there are di↵er-
ences between the magnetization dynamics in ferrimagnetic alloys and in synthetic
ferrimagnets. This idea motivated much of the research, described in this Thesis.
3.6 Ferrimagnetic structures of interest
The first part of this Thesis, discussed in Chapter 4, is devoted to a study of the
relative impact of the individual layers of heterostructures on their net magnetization
and magnetization dynamics. For this, a series of GdxFeCo/(SiN/)GdyFeCo multi-
layers was made by magnetron sputtering in the laboratory of Prof. A. Tsukamoto,
Nihon University, Japan. Figure 3.3 (a) shows a schematic representation of selected
samples, which magnetization dynamics and AOS has been studied by means of static
and time-resolved magneto-optical Kerr e↵ect spectroscopy. Every sample consists of
a substrate, a heat-sink “under-layer”, which also acts as a reflective layer, two di↵er-
ent 10 nm-thick GdFeCo amorphous alloys with concentrations of Gd varied between
22% and 27% and a SiN (dielectric) “capping-layer”.
An ideal substrate for a thin film sample should provide a good optical trans-
parency with uniform refractive index and should demonstrate no magneto-optical
Faraday e↵ect nor birefringence e↵ect. Furthermore, it should have low thermal con-
ductivity and expand isotropically when heated. Following these requirements, we
chose a smooth glass substrate for our samples. We deposited a 10 nm-thick Al90Ti10
layer on the substrate. This layer acts as a heat-sink. It also enhances the magneto-
optical e↵ects of the whole sample, acting as a reflector. This layer is covered by
a 5 nm-thick SiN spacer, which protects the ferrimagnetic GdFeCo amorphous al-
loys, deposited on top of it. This protection is essential for the RE-TM alloys, as
RE elements are known to be able to strongly oxidise which changes their magnetic
properties. As mentioned earlier, the 10 nm-thick GdFeCo layers have di↵erent con-
centrations of Gd. We chose the following RE-TM compositions: Gd22Fe68.2Co9.8,
Gd26Fe64.7Co9.3 and Gd27Fe63.9Co9.1. Two samples have a 5 nm-thick SiN spacer
between the GdFeCo layers, while in the third sample the GdFeCo layers are in direct
contact with each other. This dielectric spacer is thick enough to prevent any form of
RKKY interaction between the layers. Finally, the magnetic layers are capped by a
60 nm-thick SiN protecting and anti-reflective layer. We note here that the samples
are transparent in the visible spectral range and exhibit strong PMA. As previously
mentioned, the saturation magnetization of the multilayers varies with temperature.
The second part of this RE-TM project is discussed in Chapter 5 and is devoted
to a magnetization dynamics study of heterostructures which consist of periodically
stacked RE (Gd) and TM (FeCo) layers. Each layer taken alone has never demon-
strated any signatures of AOS, as the magnetic properties of each layer are di↵erent
from the ones, known for the ferrimagnetic GdFeCo amorphous alloys. Thus, we made
a first step towards ultrafast magnetization dynamics and AOS in multilayers. A series
of samples with a general composition of Al90Ti10(10nm)/SiN(5nm)/[Gd/Fe87.5Co12.5]⇥n/
SiN(60nm) was deposited on the same glass substrate by magnetron sputtering. The
thickness of [Gd/Fe87.5Co12.5]⇥n stack of layers was fixed to 20 nm, and n was varied
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Figure 3.4: Ferromagnetic Co/Pt multilayered structures and their magneto-optical static
characterization. The samples demonstrate perpendicular magnetic anisotropy and square
hysteresis loops. Coercive field of the samples increases with a deposition Argon pressure
increase.
between 1, 10 and 20. Thus, we obtained samples with 10 nm-, 1 nm- or 0.5 nm-thick
magnetic layers. Only the latter one (which schematically is shown in Fig. 3.3 (b))
exhibited a TM and PMA and, therefore, was selected for the time-resolved magneto-
optical studies.
The laser-induced magnetization dynamics and AOS of actual RE-free synthetic
ferrimagnets are still to be investigated. The RE-free ferrimagnetic structures we were
able to investigate were lacking in quality, demonstrated non-collinear alignment of
sublattices and no TM, and their studies are not presented in the Thesis.
3.7 Ferromagnetic structures of interest
An attempt to answer the question whether AOS is specific for a subset of ferrimag-
netic materials or can be applied to ferromagnetic materials as well has been made
by Lambert et al. [31]. It turned out that some optomagnetic switching is also possi-
ble in ferromagnetic multilayers and other technologically important high-anisotropy
granular or patterned materials, which are relevant for future high-density magnetic
recording. Particularly, the magneto-optical images demonstrated reversed magnetic
domains in [Co(0.4nm)/Pt(0.7)]⇥n structures, previously exposed by an uncounted
number of 100 fs laser pulses without any applied magnetic field. The images were
obtained by a Faraday microscope but there was no explanation of the observed e↵ect
nor any information about characteristic time-scales of the magnetization reversal.
For a better understanding of such optoinduced switching in ferromagnets, time-
and spatially-resolved magneto-optical studies were conducted on the same Co/Pt
structures, reported in Ref. [31]. HGST, a Western Digital company, provided us with
a series of Pt(20nm)/[Co(0.4nm)/Pt(0.7nm)]⇥3/Pt(2nm) multilayers. The structures
were fabricated by DC ultra-high vacuum magnetron sputtering, using a confocal
sputter-up geometry from an AJA International ATC-2200 system with the targets
tilted and arranged in a circle around a central target (here Pt) [34]. The substrate,
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a (100) oriented Si 1-inch wafer with a native SiO2 surface layer, rotates during de-
position at fsub ⇡ 3 Hz and is at the focal point of the targets. We used a Ta(1.5nm)
adhesion layer on top of the native SiO2 surface layer and a Pt(20.0nm) seed layer
to obtain a (111) texture with a mosaic spread of ↵ ⇡ 5  full width at half maxi-
mum for the multilayer out-of-plane Bragg reflection. The samples were taken out
of the chamber after the deposition of a Pt(2nm) capping layer. The multilayers
were deposited at 3 mTorr, 8.5 mTorr and 12 mTorr of Argon pressure to slightly
tune the magnetic properties and thus potentially the switching behavior. Changes
of the deposition pressure allows tuning the film microstructure from a continuous
film to magnetically isolated grains [35]. All the samples demonstrated PMA and
100% remanence. The magneto-optical static characterization revealed an increase of
the coercive field from Hc = 30 mT to Hc = 110 mT with increasing Argon pressure
from 3 mTorr to 8.5 mTorr, as can be seen from the static magneto-optical charac-
terization, presented in Fig. 3.4. The magnetization dynamics study of these samples
is discussed in Chapter 6.
3.8 Magnetron sputtering
The samples, described above, were grown by our collaborators Prof. dr. A. Tsukamoto
from Nihon University, Japan, and Prof. dr. O. Hellwig from HGST, a Western
Digital Company, U.S.A. All films were fabricated by magnetron sputtering. In this
technique a plasma is created and positively charged ions from the plasma are acceler-
ated trough a potential di↵erence towards a negatively charged electrode or “target”.
Through this acceleration the positive ions strike the negative electrode with a suf-
ficient energy to dislodge and eject atoms from the target material. The atoms are
ejected in a typical line-of-sight cosine distribution from the face of the target and
are condensed on surfaces that are placed in proximity to the magnetron sputtering
cathode. The film properties (e.g., density, homogeneity, lattice structure, and mag-
netic properties) strongly depend on the deposition conditions, such as the inert gas,
the pressure of the gas, and the voltage over the target material and the shield. The
targets are fabricated from materials that one subsequently wishes to deposit on the
surface of the component facing the electrode. Conductive materials can be deposited
using a direct current (DC) power supply and insulators can be deposited by using
a radio frequency (RF) power supply. Nowadays magnetron sputtering sources are
widely commercially available in many geometric configurations. The whole depo-
sition process is automated and controlled by computers, which makes it easier to
reproduce the same samples, once a deposition recipe has been found.
3.9 Summary
To summarize, in this Chapter we described ferrimagnetic and ferromagnetic het-
erostructures, of which the ultrafast magnetization dynamics studies are presented
in this Thesis. We discussed the magnetic properties of the TM and RE elements,
which are the components of our samples. We also explained why those particular
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structures had an interest for us. Additionally, we discussed how the samples were
fabricated.
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Chapter4
Magnetization dynamics of
GdxFeCo/(SiN/)GdyFeCo structures
In this Chapter GdxFeCo/GdyFeCo and GdxFeCo/SiN/GdyFeCo multilayers are
studied by means of magneto-optical spectroscopy. We investigate here the rela-
tive impact of the individual layers in these structures on the total magnetic state
of the system and its magnetization dynamics. We demonstrate the shift of the
magnetization compensation temperature which occurs due to the coupling between
the GdFeCo layers at the interface. The spectroscopic technique allows us to dis-
entangle the contributions of the di↵erent layers to the net magnetization of the
GdxFeCo/SiN/GdyFeCo samples. By static magneto-optical measurements, time-
resolved magneto-optical Kerr e↵ect spectroscopy and temperature and laser fluence
dependence studies of the magnetization dynamics, we study the behavior of the laser-
induced magnetization reversal in this multilayer system for each layer separately.1
4.1 Introduction
It is well known, that a femtosecond optical laser pulse alone can manipulate the
magnetic order [1–3] and even trigger a full magnetization reversal of metallic sam-
ples [4]. The latter is called all-optical switching (AOS) and was first demonstrated in
GdFeCo [4, 5], a rare earth – transition metal (RE-TM) ferrimagnetic amorphous al-
loy, near its magnetization compensation temperature (TM ). Being a function of the
alloy’s chemical composition, this TM plays an important role in the magnetization
dynamics. It was in fact demonstrated [6, 7], that both AOS and the ultrafast de-
magnetization e ciency are strongly dependent on the di↵erence between the initial
1Part of this chapter is adapted from: Yu. Tsema, M. Savoini, A. Tsukamoto, A. V. Kimel,
A. Kirilyuk, and Th. Rasing,“Layer-sensitive magneto-optical spectroscopic study of magnetization
dynamics in multilayered RE-TM structures”, Appl. Phys. Lett, 109, 172403 (2016).
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temperature of the experiment T and the TM . Engineering of new and more sophis-
ticated magnetic structures, for instance by stacking RE-TM amorphous alloy layers
with di↵erent RE-concentrations, is likely to adjust the TM of the whole sample,
which can result not only in the possibility for AOS in a much wider range of temper-
atures than for a single layer case, but also in the observation of new magnetization
dynamics behavior.
In this Chapter we make a first step towards the exploration of the magnetization
dynamics and AOS in magnetic multilayers. We investigate the relative impact of
the individual layers in GdxFeCo/GdyFeCo and GdxFeCo/SiN/GdyFeCo structures
on their total magnetization and magnetization dynamics by static and time-resolved
magneto-optical Kerr e↵ect spectroscopy. The static magneto-optical characterization
of GdxFeCo/GdyFeCo multilayers reveals a shift of the net magnetization compensa-
tion temperature TM . We explain this observation by the interlayer coupling of the
GdFeCo layers, which are in direct contact with each other. The time-resolved mag-
netization dynamics study reveals AOS after a single laser pulse excitation with no
external magnetic field applied. In the presence of an external magnetic field, applied
at 30  to the sample surface, magnetization precession is observed. We demonstrate
here that stacking of the RE-TM layers, which individual magnetization cannot be
switched all-optically at the selected temperature, allows one to engineer a suitable
AOS medium at this temperature. This finding enables the expansion of the all-optical
switchability window to a more extended range of compositions.
For the GdxFeCo/SiN/GdyFeCo structures, with a 5 nm-dielectric spacer between
the GdFeCo layers, a superposition of magneto-optical contributions from the two
independent magnetic layers is observed. The complexity of the magneto-optical
signal increases the di culties in understanding the magnetization dynamics in this
class of multilayers. In order to separate the magnetic contributions from di↵erent
RE-TM layers of the system, we propose the usage of magneto-optical Kerr-e↵ect
spectroscopy. By using this spectroscopic method and conducting a temperature and
fluence dependent magnetization dynamics study, we observe a layer-specific laser-
induced magnetization reversal in this multilayer structure.
4.2 GdxFeCo/GdyFeCo and GdxFeCo/SiN/GdyFeCo bilayers
The series of GdxFeCo/GdyFeCo and GdxFeCo/SiN/GdyFeCo films was deposited by
magnetron sputtering, as explained in Chapter 3, with concentrations x and y varied
between 22% and 27%. All the samples are transparent in the visible spectral range
and demonstrated a perpendicular magnetic anisotropy. In this part of the Chapter
we present the results of the static magneto-optical Faraday e↵ect characterization of
(1) SiO2/AlTi/SiN/Gd22Fe68.2Co9.8/Gd27Fe63.9Co9.1/SiN and
(2) SiO2/AlTi/SiN/Gd22Fe68.2Co9.8/SiN/Gd27Fe63.9Co9.1/SiN,
as well as of
(3) SiO2/AlTi/SiN/Gd26Fe64.7Co9.3/SiN/Gd27Fe63.9Co9.1/SiN,
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with 10 nm-thick GdFeCo layers and 5 nm-thick SiN spacers. We demonstrate dif-
ferent TM for these samples. As mentioned in Chapter 4.1, the di↵erence between
the initial temperature of the experiment T and the TM has an impact on the AOS
and the ultrafast demagnetization e ciency of these materials. Additionally, this
di↵erence determines the relative magnetization direction of Gd for each layer.
By means of magneto-optical Faraday e↵ect measurements, we extracted the tem-
perature dependences of the coercive field (Hc) of all the samples from their hysteresis
loops (see Fig. 4.1, Fig. 4.2 and Fig. 4.3). This magneto-optical static characterization
was conducted in a temperature range from 80K to 315K with a 632 nm continuous-
wave laser illumination at normal incidence. The experimental details are explained
in Chapter 2. Figure 4.1 represents the magneto-optical static characterization of
the multilayer (1). The hystereses obtained at T=90K, 200K, 250K, and 300K are
shown in Fig. 4.1 (a). The hysteresis loops have the same shape, with a sign change
at 300K due to the crossing of the TM . The coercive field divergence occurs near
TM ⇡ 265 K, which is shown in Fig. 4.1 (b). The results, illustrated in Fig. 4.1 are
typical for a ferrimagnetic amorphous alloy. Therefore, the static magnetic proper-
ties of the multilayer (1) are similar to those of a GdFeCo amorphous alloy with an
“e↵ective” concentration of Gd equal to Gd24FeCo.
Figure 4.2 (a) represents the magnetization loops for the sample (2). The com-
plicated shapes of the loops display a superposition of the magneto-optical responses
from the two individual magnetic layers. The hysteresis loop shape analysis as a func-
tion of temperature, shown in Fig. 4.2, reveals the coexistence of two magnetization
compensation temperatures at TM,1 < 80K, and TM,2 > 315K. We note here, that
the relative magnetization direction of Gd for the two GdFeCo layers is anti-parallel
in the whole available range of temperatures, which is shown in Fig. 4.2 (b). This can
have an impact on the total net magnetization dynamics. The relative alignment can
be changed by shifting the TM or extending the temperature range of the experiment.
Figure 4.3 shows the Hc temperature dependence for sample (3). As expected,
the multilayers (2) and (3) behave similarly. The di↵erence lies in the magnetiza-
tion compensation temperatures, which are determined here at TM,1 ⇡ 210K, and
TM,2 > 315K for sample (3). This changes the relative magnetization direction of
Gd for the two layers. As mentioned before this alignment depends on the tempera-
ture. Thus, MGd26 is parallel to MGd27 at temperatures T<TM,1 and antiparallel at
TM,1 <T<TM,2, which is shown in Fig. 4.3 (b).
To conclude, our static magneto-optical Faraday e↵ect characterization revealed
the di↵erence of the magnetization behavior for the samples with and without SiN
spacer between the magnetic layers. The structure (1) behaves as a GdFeCo ferrimag-
netic amorphous alloy with an “e↵ective” concentration of Gd, while the samples (2)
and (3) demonstrate a superposition of the individual magneto-optical responses from
the two magnetic layers due to the fact that the layers cannot interact with each other.
Comparison of the multilayers (1) and (2), made from the same materials, reveals a
shift of the TM . What does this shift mean for us? From the practical applica-
tion point of view, by stacking the materials, which individually cannot be switched
all-optically at the selected/available temperatures, one can tune the ”e↵ective” mag-
netization compensation temperature of the whole structure. This tuning opens the
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Figure 4.1: Static magneto-optical Faraday e↵ect characterization of the
Gd22Fe68.2Co9.8/Gd27Fe63.9Co9.1 structure. (a) The hystereses obtained at T=90K,
200K, 250K, and 300K. The hysteresis sign change indicates the crossing of the magnetiza-
tion compensation temperature TM (b) Temperature dependence of the coercive field Hc
reveals TM ⇡ 265K. The magnetization direction of Gd for both GdFeCo layers coincides
with the external magnetic field direction at T<TM .
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Figure 4.2: Static magneto-optical Faraday e↵ect characterization of the
Gd22Fe68.2Co9.8/SiN/Gd27Fe63.9Co9.1 structure. (a) The hystereses obtained at T=90K,
150K, 200K, and 300K. A superposition of magneto-optical responses from two magnetic
layers is detected. (b) Temperature dependence of coercive field extracted from the
hysteresis loops. Coercive field divergence indicates the magnetization compensation
temperatures below TM,1 < 70K for the Gd22Fe68.2Co9.8 layer, and above TM,2 > 320K for
the Gd27Fe63.9Co9.1 layer. The magnetization direction of Gd for the two GdFeCo layers is
antiparallel for TM,1 <T<TM,2.
way for engineering of new materials, suitable for AOS at any chosen temperature by
extending the all-optical switchability window.
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Figure 4.3: Static magneto-optical characterization of the
Gd26Fe64.7Co9.3/SiN/Gd27Fe63.9Co9.1 structure. (a) The hystereses obtained in the
Faraday geometry at T=90K, 180K, 220K, and 270K. A superposition of magneto-optical
responses from the two magnetic layers is detected. (b) Temperature dependence of
coercive field extracted from the hysteresis loops. Divergence of coercive field indicates the
magnetization compensation temperatures around TM,1 ⇡ 210K for Gd26Fe64.7Co9.3 layer,
and above TM,2 > 315K for Gd27Fe63.9Co9.1 layer. The magnetization direction of Gd for
the two GdFeCo layers is parallel for T<TM,1 and antiparallel for TM,1 <T<TM,2.
4.3 All-optical switching and the magnetization dynamics of
Gd22Fe68.2Co9.8/Gd27Fe63.9Co9.1
For the experimental demonstration of AOS in the Gd22Fe68.2Co9.8/Gd27Fe63.9Co9.1
multilayer (no SiN-spacer between the magnetic layers), the single-shot magneto-
optical Faraday e↵ect imaging, described in Chapter 2, was employed. The single-shot
experiment was conducted with and without an external magnetic field of Hext=0.12T
and Hext = 0.22T applied at ↵ = 30 , at temperatures T1=200 K and T2=300K,
both in the proximity of TM ⇡ 265 K. Figure 4.4 (a) demonstrates AOS at both
temperatures with no applied external magnetic field. The magnetization dynamics
comparison reveals a higher magnetization reversal e ciency at T1 <TM than at
T2 >TM , which is consistent with previous studies [12]. Therefore, we confirm here
that a single laser pulse is capable to trigger AOS in the proximity of the TM in the
Gd22Fe68.2Co9.8/Gd27Fe63.9Co9.1 structure. The magnetization switching behavior is
very similar to the one of a typical GdFeCo amorphous alloy.
By turning on the external magnetic field, we were able to trigger magnetiza-
tion precessions in this multilayer, which is shown in Fig. 4.4 (b). At T1 <TM a
combination of AOS and magnetization precession was detected. The amplitude and
frequency of this precession increases with the external magnetic field. At T2 >TM
the same external magnetic field caused the magnetization relaxation towards the
initial state, preventing the magnetization reversal. We note here, that to the best of
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Figure 4.4: Temperature and field dependent magnetization dynamics of Gd22Fe68.2Co9.8/
Gd27Fe63.9Co9.1, triggered by a single laser pulse excitation. (a) No external magnetic field
is applied. AOS is observed at temperatures below and above the TM . At T<TM the
magnetization reversal e ciency is higher. (b) The external magnetic field is turned on.
Magnetization precession is observed. At T<TM the precession is accompanied by AOS.
our knowledge AOS combined with magnetization precession has not been observed
before for amorphous RE-TM alloys. Additionally, our check-up experiment on a
20 nm thin Gd24Fe66.5Co9.5 amorphous alloy film below its TM with Hext = 0.5T
applied at ↵ = 30 , demonstrated AOS with no magnetization precession. The mag-
netization precession in the multilayer (1) is present due to a weak magnetic coupling
at the interface between the GdFeCo layers. We will get back to this in Chapter 5.
4.4 Magneto-optical superposition in GdxFeCo/SiN/GdyFeCo mul-
tilayers
As it was mentioned in Chapter 4.2, the magneto-optical response from GdxFeCo/SiN/
GdyFeCo structures demonstrates a superposition of the two individual magnetic lay-
ers at any temperature. This superposition introduces a complex net magnetization
dynamics. Practically, a full understanding of the complex net magnetization dynam-
ics requires to have a direct access to each separate magnetic layer. For layers made
from di↵erent materials, the element-specific soft X-ray and EUV techniques [8–10]
have successfully been used to study their ultrafast magnetization dynamics. These
techniques probe the transitions of strongly localized electrons of which their exchange
split energy levels serve as a fingerprint of the element’s magnetic state. For table-
top experiments with light in the visible spectral range this can sometimes also be
done, which was recently shown to be feasible for TbFe multi-sublattice magnets [11].
However, if all magnetic layers of a chosen structure are made of the same material,
measuring the total net magnetization dynamics requires some other layer-sensitive
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techniques.
Electromagnetic wave theory for magnetic layered systems [13] developed by an
extension of Yeh’s formalism [14], which itself is based on the generalization of Abeles’
and Jones’ matrix methods [15, 16], predicts the feasibility to distinguish the magneto-
optical response from various magnetic layers in multilayered structures. The first
experimental demonstration of such a separation was achieved by static magneto-
optical Kerr ellipticity measurements of Co/Au multilayers [17], where hystereses
loops for specific Co layers were obtained by varying the illumination photon energy.
The magneto-optical polar Kerr spectra of those materials demonstrated features,
which mainly reproduced the spectral dependence of the optical parameters of Au [18],
with pronounced maxima of Kerr rotation and a sign change of Kerr ellipticity in the
region of the plasma edge energy of gold. However, GdFeCo amorphous alloys have
no significant spectral features in the visible range.
In the following parts of this Chapter we will demonstrate how spectroscopic
methods can nevertheless disentangle the contributions of the di↵erent layers to the
net magnetization.
4.5 Static magneto-optical spectroscopic characterization
For a static magneto-optical characterization the magnetic field was applied per-
pendicularly to the sample surface. The multilayer (3) was illuminated by linearly
polarized laser light with a wavelength of  in varied in the spectral range from 420 nm
to 750 nm, and an angle of incidence ↵in varied between 0  and 45  to the sample
normal. The results shown in Fig. 4.5 (a) and (c) reveal a di↵erence in sensitiv-
ity of the magneto-optical response to the di↵erent layers, for the experiments per-
formed in Faraday (transmission) and Kerr (reflection) configurations, respectively.
Figures 4.5 (a) and (b) show results obtained in the Faraday geometry at T=270 K,
 in=600 nm and normal laser light incidence from the AlTi-side. We would like to
note here, that any variations of either  in or ↵in of the incident light had no visi-
ble e↵ect on the hysteresis loop shape. By analysing the shape and conducting the
superposition decomposition depicted in Fig. 4.5(b), we were able to conclude that
in the Faraday configuration, where the laser beam is detected after being transmit-
ted through the sample, the two magnetic layers contribute for 49% and 51% to the
total magneto-optical signal, respectively. The Gd27Fe63.9Co9.1 layer contribution is
seen to be slightly lower compared to the Gd26Fe64.7Co9.3 one, which is expected,
due to light absorption in the Gd26Fe64.7Co9.3 layer before the light interacts with
Gd27Fe63.9Co9.1. In the Kerr geometry (see Fig. 4.5(c)), where the light reflected
from the sample surface is detected, the layer sensitivity could be tuned at will by
adjusting either ↵in or  in. Thus, the magneto-optical Kerr e↵ect spectroscopy re-
vealed changes in the hysteresis shape obtained at various wavelengths of the laser
excitation.
Due to a di↵erence between the coercive fields of Gd26Fe64.7Co9.3 and Gd27Fe63.9Co9.1
at T=270 K, we were able to separate the changes in the magneto-optical signal
from the di↵erent layers (see Fig. 4.6). Consequently, we could determine the spec-
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Figure 4.5: Static magneto-optical characterization of the Gd26Fe64.7Co9.3/SiN/
Gd27Fe63.9Co9.1 structure obtained in the Faraday (in transmission) and the Kerr (in reflec-
tion) geometries at T = 270K. (a) The Faraday characterization reveals a layer sensitivity
independence of wavelength or angle of incidence of the laser illumination. (b) A simulation
of a superposition decomposition, obtained in the Faraday geometry. (c) Magneto-optical
Kerr spectroscopy in the range of  in=420 nm–750 nm at ↵in = 45
  of incident angle. The
magneto-optical sensitivity to di↵erent layers is strongly dependent on the wavelength of the
incident light.
tral regions where the magneto-optical response of the whole structure originates
from one particular layer only. Our results show that for this particular sample at
 in = 610±5 nm and ↵in = 45o laser light illumination, the total net magneto-optical
response originates from the Gd26Fe64.7Co9.3 part only. By tuning the wavelength
to  in = 670 ± 5 nm at the same angle of incidence, this sensitivity shifts to the
Gd27Fe63.9Co9.1 layer exclusively. Outside of these spectral regions, the hysteresis
loop shape obtained in the Kerr geometry is seen as a weighted superposition of hys-
teresis loops from the two magnetic layers. Thus, our results reveal the feasibility
of layer-selective magneto-optical spectroscopy in RE-TM materials. This opens the
way for making particular layers of a structure ”invisible” for probing, which can lead
to a better and more accurate understanding of magneto-optical data from complex
magnetic heterostructures.
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Figure 4.6: The wavelength dependence of the magneto-optical sensitivity to 10 nm-thick
GdFeCo layers, separated by a 5 nm-thick SiN spacer, obtained at T=270K. The sample is
illuminated at ↵in = 45
o. At  in = 610± 5 nm and  in = 670± 5 nm, the magneto-optical
response from the whole structure is seen to stem exclusively from the Gd26Fe64.7Co9.3 and
Gd27Fe63.9Co9.1 layers, respectively.
4.6 Layer-sensitive time-resolved magneto-optics
Next we will demonstrate how this layer-selective spectroscopy can be implemented
in a magnetization dynamics study by means of time-resolved magneto-optical Kerr
e↵ect measurements, described in Chapter 2. During the experiment, the multilayer
was illuminated by a linearly polarized 60-fs laser excitation with a laser repetition
rate of 1 kHz, a central wavelength of   = 800 nm, a beam-radius of   ⇡ 200 µm,
and a fluence ranging from 1 mJ/cm2 to 10 mJ/cm2. The magnetization state was
subsequently probed by a time-delayed single linearly polarized laser pulse (⌧ ⇡ 60 fs,
  = 410 nm–600 nm,   ⇡ 80 µm, and a laser fluence < 0.1 mJ/cm2). We note
here, that the magnetization dynamics study required an experimental setup di↵er-
ent from the one used for static characterization. The optical parametric amplifier
was not optimal at the wavelength of 610 nm and 670 nm for the direct probing of
the magnetization dynamics in the di↵erent layers. Therefore we measured the mag-
netization dynamics at di↵erent wavelengths, where a magneto-optical superposition
from both layers was present, and from those measurements we derived the magne-
tization dynamics for each layer. An external magnetic field of Hext=340 mT was
applied perpendicularly to the sample surface. The experiments were conducted at
temperatures varied in the range from T = 80 K to T = 310 K.
Figure 4.7 demonstrates the static and dynamic magneto-optical Kerr results ob-
tained at T=170K, ↵in =45  and for the wavelengths of  in,1=560 nm [Fig. 4.7 (a),
(c)] and  in,2=420 nm [Fig. 4.7 (b), (d)], respectively. From the hysteresis loop shapes
shown in Fig. 4.7 (a) and (b) we were able to determine the contributions from the
di↵erent magnetic layers to the total net magneto-optical response of the whole sys-
tem. Thus, for  in,1=560 nm the ratio was 60%/40% while for  in,2=420 nm the
layers contributed as 23%/77% for Gd26Fe64.7Co9.3 and Gd27Fe63.9Co9.1 parts, re-
spectively. The laser fluence dependence of the magnetization dynamics shown in
Fig. 4.7 (c) and (d) demonstrates the quenching of the magnetization after the laser
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Figure 4.7: Static and time-resolved magneto-optical Kerr spectroscopy of
Gd26FeCo/SiN/Gd27FeCo structure obtained at T=170K. The magnetic state of the sample
is probed by  in,1=560 nm [Figures (a) and (c)] and  in,2=420 nm [Figures (b) and (d)]
60 fs laser pulses. Figures (a) and (b) demonstrate the magneto-optical hystereses at these
wavelengths. Figures (c) and (d) represent the laser fluence dependence of the magnetization
dynamics superpositions.
excitation, followed by a magnetization relaxation. The amount of demagnetization
scales linearly with the laser fluence. A comparison of the results shown in Fig. 4.7
(c) and (d) reveals the di↵erences in the magnetization dynamics behavior during the
first nanosecond after the laser excitation, as well as in the final magnetic state. To
decompose the superposition of the magneto-optical responses from the two layers,
we determined the magnetization dynamics of the Gd26Fe64.7Co9.3 layer as
77%⇥ [M(t)/M0] in,1   40%⇥ [M(t)/M0] in,2
60%⇥ 77%  23%⇥ 40% , (4.1)
and that for the Gd27Fe63.9Co9.1 layer as
23%⇥ [M(t)/M0] in,1   60%⇥ [M(t)/M0] in,2
23%⇥ 40%  60%⇥ 77% . (4.2)
The decomposed laser fluence dependence of the magnetization dynamics of the
Gd26Fe64.7Co9.3 and Gd27Fe63.9Co9.1 layers is shown in Fig. 4.8. Three regimes of the
magnetization dynamics are observed. For the laser excitation fluence of 4 mJ/cm2,
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Figure 4.8: The laser fluence dependence of the magnetization dynamics of Gd26Fe64.7Co9.3
and Gd27Fe63.9Co9.1 layers, extracted from the superpositions shown in Figure 4 (c) and
(d). The ultrafast laser-induced magnetization reversal is detected for the Gd26Fe64.7Co9.3
layer, while partial demagnetization and field-induced magnetization reversal above TM,2 is
observed for Gd27Fe63.9Co9.1.
a partial ultrafast demagnetization is seen for both layers, followed by a magneti-
zation relaxation of the Gd27Fe63.9Co9.1 and a field-induced magnetization reversal
above TM,1 for Gd26Fe64.7Co9.3. Increasing the laser power to 5.6mJ/cm2 results in
the observation of field-induced magnetization reversal of both Gd26Fe64.7Co9.3 and
Gd27Fe63.9Co9.1 above TM,2. For the laser pump fluence of 7.4mJ/cm2, AOS is ob-
served for the Gd26Fe64.7Co9.3 layer, while the Gd27Fe63.9Co9.1 layer demonstrates
an increased speed of a field-induced reversal above TM,2. The obtained results agree
very well with the typical magnetization behavior of a GdFeCo amorphous alloy in
the proximity of TM and at temperatures of the experiment T << TM [7].
4.7 Summary and Outlook
To conclude, in this Chapter we presented the results of a spectroscopic magneto-
optical study of GdxFeCo/SiN/GdyFeCo and GdxFeCo/GdyFeCo multilayers. Pur-
suing the goal of the Thesis, we made the first step towards the investigation of
the magnetization dynamics in magnetic multilayers. The results of our experiments
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showed two types of the magnetization switching in these structures, namely AOS
and field-induced magnetization reversal above TM . We demonstrated how stacking
of the GdFeCo layers, which individually cannot be switched all-optically, makes the
material suitable for AOS at selected temperature. This finding opens the way for en-
gineering of new materials, suitable for AOS at any chosen temperature, extending the
all-optical switchability window. Additionally, we experimentally demonstrated the
feasibility of the layer-sensitive magneto-optical Kerr spectroscopy in RE-TM multi-
layers. By implementing this technique for a time-resolved magneto-optical study we
were able to decompose the net magnetization dynamics of the multilayers into the
magnetization dynamics of each individual layer. Together with the element-specific
probing proposed in Ref. [11], this layer-selective spectroscopy technique may encour-
age table-top magnetization dynamics studies of magnetic multilayers engineered for
all-optical switching.
The follow-up step in the direction of this Chapter can be in studying the magneti-
zation dynamics of “synthetic” ferrimagnetic heterostructures, which layers consist of
di↵erent single-element materials. These structures should mimic the magnetic prop-
erties of the intrinsic ferrimagnetic alloys, which potentially can make them suitable
for AOS. Their use can also be attractive for data-storage industries.
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Chapter5
Magnetization dynamics and
all-optical switching of Gd/FeCo
multilayers
Optical manipulation of magnetic order by femtosecond laser pulse excitation has
been of increasing interest during the last decade, after the discovery of all-optical
switching (AOS) in GdFeCo amorphous alloys [1]. By investigating the possibility to
extend the applicability of this phenomenon to a broader class of materials, we focus
in this Chapter on the magnetization dynamics study of a heterostructure consisting
of periodically stacked rare-earth (RE) and transition-metal (TM) layers. Each layer
taken alone has never demonstrated any signatures of AOS, as the magnetic properties
of each layer are completely di↵erent from the ones, known for the ferrimagnetic RE–
TM amorphous alloys. By using single-shot time-resolved imaging we reveal that a 60
fs linearly-polarized laser pulse alone is su cient to trigger the AOS in this multilayer.
The characteristic switching time in this structure is similar to the one observed in
GdFeCo amorphous alloys [2]. Surprisingly, by applying an external magnetic field,
we were able to steer the AOS through a spatially very inhomogeneous magnetization
dynamics. This dynamics also involved a magnetization precession with an amplitude
of 40%. To the best of our knowledge, these spatially resolved features and the high
value of the precession amplitude have never been observed in the dynamics of laser-
induced magnetization reversal of RE-TM amorphous alloys. We explain the spatial
inhomogeneity by a nonuniform temperature distribution within the laser-exposed
area of the sample. This temperature gradient changes both in time and space during
the experiment, increasing the e↵ective damping ↵e↵ within the optically excited
area. This e↵ective magnetic damping increase has a strong impact on the spatial
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magnetization dynamics.1
5.1 Introduction
The pioneering work of Beaurepaire et al. [3], showing a sub-picosecond demagnetiza-
tion of a Ni-film two decades ago, followed by the demonstration of a sub-picosecond
magnetization reversal, or all-optical switching (AOS), in GdFeCo amorphous alloys
triggered by a single 40 fs optical laser pulse [1], has started an exciting and rapidly
expanding research field, full of intense debates about the physics behind the ultra-
fast optical manipulation of magnetic order [4–14]. A clear experimental observation
of AOS has been reported in a number of rare-earth–transition metal (RE–TM) amor-
phous alloys [1, 6, 15, 16].
The realization that AOS in itinerant ferrimagnets exploits the antiferromagnetic
exchange interaction between the sublattices with di↵erent magnetic moments, en-
couraged the idea of manufacturing composite magnetic structures or synthetic ferri-
magnets [17, 18], that would be suitable for AOS. Additionally, the static magneto-
optical characterization of a number of RE–TM multilayers, RE-free ferri- and even
ferro-magnetic heterostructures revealed the existence of a helicity dependent AOS
in those materials [19, 20]. Potentially, this could mean that the explanation of AOS
based on the antiferromagnetic exchange interaction between two sublattices, which
has been discussed in Ref. [4], was far from complete. Despite the fact that the final
magnetic states in static measurements in Ref. [19, 20] convincingly showed a laser-
induced magnetization reversal, little is still known about the reversal mechanism it-
self or the magnetization reversal time of these hybrid heterostructures. Particularly,
the lack of any time-resolved studies of those materials could not exclude a potential
cumulative nature of the observed e↵ect (driven, for instance, by a demagnetizing
field).
Therefore, in this Chapter we focus on a laser-induced magnetization reversal
study in a ferrimagnetic multilayer structure of Gd and FeCo. Each layer of this
structure taken alone has never shown any signatures of AOS, as the magnetic prop-
erties of each layer are completely di↵erent from the ones, known for the RE–TM
amorphous alloys. Nevertheless, multilayers can be designed in such a way that the
net magnetic properties of the whole stack mimic those of the corresponding RE–
TM alloys, such that AOS can be achieved [18–20]. To elucidate the mechanism of
optically-induced magnetization reversal in these structures, we studied the magneti-
zation dynamics by means of single-shot, time-resolved magneto-optical imaging, as
described in Chapter 2. In our experiments we exclusively used linearly polarized
single laser pulses. The experiments, with no external magnetic field during the laser
excitation and probing, resulted in a reproducible laser-induced magnetization rever-
sal with a steady final state. The field- and temperature-dependent studies revealed
spatially inhomogeneous magnetization dynamics within the illuminated area in the
1Part of this chapter is adapted from: Yu. Tsema, M. Savoini, A. Tsukamoto, A. V. Kimel, A.
Kirilyuk, and Th. Rasing, “All-optical magnetization reversal through a strongly inhomogeneous
laser-driven dynamics in metallic multilayers”, in preparation.
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Figure 5.1: The Faraday rotation ✓F of the [Gd(0.5nm)/FeCo(0.5nm)]20 multilayer as a
function of the external magnetic field at (a) 75 K and (b) 270 K. (c) Coercive field as a
function of temperature. A magnetization compensation point at TM = 150 K is detected.
presence of an external magnetic field. The dynamics involved a magnetization pre-
cession with its amplitude entirely dependent on the local excitation. The results of
this study strongly contrast with those of AOS studies of GdFeCo amorphous alloys
under similar conditions [21, 22].
5.2 Single 60-fs pulse-induced magnetization dynamics study
of a [Gd(0.5nm)/FeCo(0.5nm)]20 multilayer
The ferrimagnetic [Gd(0.5nm)/Fe87.5Co12.5(0.5nm)]20/Si3N4/AlTi structure was de-
posited on a glass substrate by magnetron sputtering, as explained in Chapter 3,
and capped by a Si3N4 layer to prevent oxidation of the magnetic layers. Consider-
ing the unit volume for the Gd- and Fe-atoms, the sample composition is equivalent
to a Gd25Fe65.6Co9.4 amorphous alloy, making it potentially suitable for AOS [21].
The sample demonstrated a perpendicular magnetic anisotropy with a hysteresis loop
showing a sign reversal as a function of temperature [Fig. 5.1 (a) and (b)]. The tem-
perature dependence of the coercive field, extracted from the magneto-optical static
characterization, is shown in Fig. 5.1 (c). It demonstrates the coercive field divergence
around TM = 150 K, indicating the existence of a magnetization compensation tem-
perature. Although we cannot completely exclude any inter-di↵usion within the thin
layers of the structure, it is worth to note that an equivalent Gd25FeCo amorphous
alloy, mentioned above, demonstrates TM ⇡ 350 K [21]. This can be understood by
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the fact that in a multilayer, the RE–TM contact area is reduced, which essentially
decreases the RE–TM interaction, e↵ectively lowering TM. This lowered magnetic in-
teraction may introduce changes in the magnetization dynamics, which is addressed
in the following paragraphs.
For the magnetization reversal study, a femtosecond single-shot time-resolved
magneto-optical imaging setup, similar to the one used in Ref. [21, 22], was im-
plemented. This technique was described in Chapter 2. Providing both spatial and
temporal resolution, it allows one to study spatially resolved magnetization dynamics
of AOS. During the experiment, the sample was excited by a single linearly polarized
60-fs laser pulse with the central wavelength of   = 800 nm, a beam-radius   ⇡ 50 µm,
and a fluence of 5 mJ/cm2. The laser repetition rate was lowered to 2 Hz, making a
single-shot excitation and probing of the sample possible. The magnetization state is
captured with a single linearly polarized probe pulse (⌧ ⇡ 60 fs,   = 630 nm, beam-
radius   ⇡ 1 mm, and the fluence < 0.1 mJ/cm2) which is delayed with respect to
the pump. As it has been already described in Chapter 2, by employing the magneto-
optical Faraday e↵ect, domains with the magnetization parallel or antiparallel to the
sample normal are seen as bright or dark regions in an image on a CCD camera, re-
spectively. After the excited magnetization state had been captured, we blocked the
pump path and restored the initial conditions by applying an external magnetic field.
Then we could either turn o↵ the external magnetic field until the next ”write-read”
event was done or, alternatively, we could apply the restoring field constantly during
the whole optical pump-probe event. In view of the volumetric occupation of the
imaging system, the external field was applied at   ⇡ 20° to the sample surface, still
being su cient to saturate the sample magnetization.
Note, that a single-shot time-resolved imaging approach has been chosen, to dis-
regard a potential impact from any cumulative e↵ects, which seemed to play a cru-
cial role in the laser-induced magnetization reversal process in ferromagnetic materi-
als [23]. By imaging the magnetic states at di↵erent delays between pump and probe,
we were able to obtain the spatially-resolved ultrafast magnetization dynamics of this
heterostructure.
5.2.1 The ultrafast magnetization dynamics and AOS of a Gd/FeCo multilayer
at 90 K with no external magnetic field applied
The magnetization dynamics temperature dependence study revealed AOS in a tem-
perature range from Tin = 75 K (which is below the TM of the sample) till Tin = 250 K
(which is a hundred degrees beyond the TM). No signatures of AOS was observed
at room temperature. In this section of the Chapter we focus on the magnetiza-
tion dynamics behavior at Tin = 90 K with no external magnetic field applied during
the pump-probe process (Hext = 0). Figure 5.2 (a) demonstrates the magnetic states
captured before the laser excitation as well as at 10 ps, 250 ps and 950 ps after the
illumination of the sample. From the snapshots we can see that a reversed domain
nucleates and subsequently gradually increases both in size and contrast. The final
magnetic state represents a round area with reversed magnetization. The diameter of
this area was approximately 40 µm. By integrating the signal within a fixed region
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Figure 5.2: (a) Magnetization dynamics of the [Gd(0.5nm)/FeCo(0.5nm)]20 multilayer
measured with no external magnetic field applied during the laser excitation. [1-4] Snapshots
at di↵erent delays of the sample exposed area. The initial temperature is Tin = 90 K.
The scale bar is 40 µm and equal for all snapshots. (b) Magnetization dynamics obtained
after integrating the values measured by the CCD at the position of the optical pump (the
integration area is shown by the dashed lines and is A = 15⇥ 15 µm2). Inset: magnetization
dynamics on a timescale t < 8 ps.
of 15⇥15 µm2 inside this switched spot [shown in Fig. 5.2 (a)], we were able to trans-
form the two-dimensional images into a time evolution of the magnetization. This
averaged magnetization dynamics is plotted in Fig. 5.2 (b). The inset of Fig. 5.2 (b)
represents the magnetization dynamics on a shorter time-scale of the experiment. We
can see that the magnetization reversal process occurs after the laser-induced quench-
ing of the magnetization, within 2 ps after the laser pulse excitation. The results of
this study are similar to the ones reported in Ref. [21, 25]. We therefore confirm
here, that AOS in ferrimagnetic RE-TM multilayers is possible and goes through the
same route of a full demagnetization, as has been observed in ferrimagnetic RE-TM
amorphous alloys [24]. It is nonetheless surprising to see such a fast magnetization
reversal, taking into account the weaker exchange coupling between the FeCo- and
Gd- in multilayers compared to that in GdFeCo amorphous alloys.
5.2.2 The ultrafast magnetization precession and AOS of Gd/FeCo multilayer
at 90 K in an external magnetic field
Surprisingly, the application of an external magnetic field of Hext = 0.24 T at   ⇡ 20°
to the sample surface drastically changed the magnetization dynamics. Figure 5.3 (a)
demonstrates the magnetic states captured before the laser excitation as well as at
13 ps, 73 ps, 153 ps, 220 ps, 300 ps, 367 ps, 446 ps, 506 ps and, finally, at 950 ps
after the illumination of the sample. These particular time delays between the laser
excitation and probing of the magnetization state are shown due to the fact that they
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(a)
Figure 5.3: (a) Magnetization dynamics of the [Gd(0.5nm)/FeCo(0.5nm)]20 multilayer
obtained with a magnetic field of Hext = 0.24 T constantly applied at   ⇡ 20° to the sample
surface during laser excitation. [1 - 10]: Snapshots at di↵erent delays of the sample exposed
area. The initial temperature is Tin = 90 K. The scale bar is 40 µm and equal for all the
snapshots. (b) Magnetization dynamics obtained after integrating the values measured by
the CCD at the position of the optical pump (the integration area is A = 15⇥ 15 µm2).
correspond to the magnetization dynamics peaks, depicted in Fig. 5.3 (b). From the
snapshots 2 and 10 of Fig. 5.3 (a), it is clear that the initial demagnetization process
and the final magnetization reversal do not strongly di↵er from the states presented
in the snapshots 1 and 4 of Fig. 5.2 (a). This means that the magnetization dynamics
in the presence of the external magnetic field during the first 10 ps and after 1 ns after
the laser pulse excitation is similar to the one shown in Fig. 5.2, without an external
magnetic field applied during the whole pump-probe process. A striking di↵erence is
seen in the intermediate range (from 10 to 500 ps between pump and probe) where the
laser-exposed area demonstrates a periodic change in contrast [Fig. 5.3 (a), snapshots
3-9]. The oscillatory behavior becomes even more obvious from the magnetization
dynamics trend, shown in Fig. 5.3 (b). The curve was extracted from the snapshots at
di↵erent delays by integrating the magneto-optical signal within the same fixed region
of 15⇥15 µm2 inside the illuminated spot. Therefore, it is apparent that upon the laser
excitation the whole area is undergoing the switching process, periodically changing
its magnetization orientation along the out-of-plane direction (with a frequency of
f = 7.15 GHz corresponding to the ferromagnetic resonance), driven by the external
magnetic field. The precession amplitude reaches 40% of the initial z-projection of
magnetization Mz,0, meaning that the total net magnetization oscillates by ✓ ⇡ 24°.
The AOS through a magnetization precession with such a high amplitude is a clear
signature of a di↵erent dynamics in the multilayers compared to that in the alloys and
has never been reported so far for RE-TM amorphous alloys or any other systems,
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where the AOS has been observed.
From the presented results the following can be extrapolated: (i) magnetization
reversal is achieved through an out-of-plane zero magnetization state (Mz = 0), but
this cannot be associated to a complete demagnetization, in view of the extremely
large ferromagnetic precession amplitude (up to 40% of the signal at t < 0 ps before
the laser excitation). (ii ) The z-projection of the magnetization vector oscillates
around this Mz = 0 projection value before the switching occurs. The area involved
in the oscillatory behavior also reduces in time, while the switched domain grows,
making this dynamics completely di↵erent from that of a standard ferromagnet.
5.3 Spatially-resolved magnetization dynamics study of a Gd/FeCo
multilayer
To illustrate the results of the spatially-resolved magnetization dynamics study in
this Thesis, we created a set of two-dimensional cross-section figures, with the cross-
section profiles taken in the vertical direction through the middle of the laser-exposed
areas. Figure 5.4 shows the results extracted from the experimental data, obtained
at Tin = 90 K and Hext = 0 T. Note, that due to the spatial symmetry of the laser-
exposed area, the results are equivalent for all the cross-section directions, provided
that the latter ones are taken through the geometrical centre of the area. In order to
see, how the spatially-resolved dynamics of [Gd(0.5nm)/Fe87.5Co12.5(0.5nm)]20 mul-
tilayer compares with respect to the other known systems, i.e. RE-TM amorphous
alloys, some additional experiments were conducted on Gd26Fe64.7Co9.3 (see Fig. 5.5)
and Gd24Fe66.5Co9.5 (see Fig. 5.6) amorphous alloys at room temperature, with no
external magnetic field applied during the laser excitation. Figures 5.4, 5.5 and 5.6
demonstrate the generality of the spatially resolved dynamics of AOS in multilayers
and amorphous alloys. The only one notable di↵erence is seen for the Gd24Fe66.5Co9.5
amorphous alloy in Fig. 5.5 during the first 100 ps after the laser excitation. The dif-
ference is yet to be understood.
5.3.1 Inhomogeneities of the spatially-resolved magnetization dynamics in the
presence of an external magnetic field
As has already been mentioned, application of an external magnetic field of Hext=0.24 T
at   ⇡ 20° to the sample surface at Tin = 90 K < TM drastically changed the spatially-
resolved magnetization dynamics, which can be seen in Fig. 5.7. Upon the laser pulse
excitation the whole area is undergoing the switching process, periodically changing
its magnetization orientation along the out-of-plane direction, driven with the fre-
quency of the ferromagnetic resonance of f = 7.15 GHz (see in 5.2.2). From Fig. 5.7
it is clear, that the process is accompanied by a gradual shrinking of the oscillating
part. The linear velocity of the shrinking process is approximately vsh ⇡ 30 km/s.
This value is significantly higher than a typical speed of 100 m/s of a domain wall
motion for ferromagnetic materials. Within 800 ps after the laser pulse excitation the
whole exposed area is completely switched.
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Figure 5.4: Two-Dimensional representation of the spatially-resolved magnetization
dynamics of a [Gd(0.5nm)/Fe87.5Co12.5(0.5nm)]20 multilayer at Tin = 90 K < TM and
Hext = 0 T. AOS is observed.
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Figure 5.5: Two-Dimensional representation of the spatially-resolved magnetization dy-
namics of a Gd26Fe64.7Co9.3 amorphous alloy at Tin = 300 K < TM and Hext = 0 T. AOS
is observed.
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Figure 5.6: Two-Dimensional representation of the spatially-resolved magnetization dy-
namics of a Gd24Fe66.5Co9.5 amorphous alloy at Tin = 300 K > TM and Hext = 0 T. AOS
is observed.
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Figure 5.7: Two-Dimensional representation of the spatially-resolved magnetization
dynamics of a [Gd(0.5nm)/Fe87.5Co12.5(0.5nm)]20 multilayer at Tin = 90 K < TM and
Hext = 0.24 T. AOS is accompanied by a hight-amplitude magnetization precession with
a shrinking of the precessing area. The linear velocity of the shrinking process is approx-
imately 30 km/s. This value is significantly higher than the typical speed of 100 m/s of
domain wall motion for these materials.
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Figure 5.8: The e↵ective damping distribution (↵e↵(x)) within the laser-exposed area of
[Gd(0.5nm)/Fe87.5Co12.5(0.5nm)]20 multilayer with Hext = 0.24 T applied at   ⇡ 20°. Black
and red dots correspond to the measurements at Tin = 90 K < TM and Tin = 240 K > TM,
respectively. The lines between dots are guides to the eye.
80 Magnetization dynamics and all-optical switching of Gd/FeCo multilayers
Describing the spatially inhomogeneous femtosecond laser-induced magnetization
reversal in the presence of an external magnetic field during the optical excitation,
we focus here on the observation of the precessing area which is shrinking in time.
First of all, we extract the magnetization dynamics trend for every coordinate of a
cross-section within the laser-exposed area. Second, a fitting procedure, described
in Ref. [26], is applied to all the data. From the fitting procedure we extract the
e↵ective damping coe cients (↵e↵) of the magnetization precession. And, finally, we
reconstruct the spatial distribution of ↵e↵ along the chosen cross-section within the
laser-exposed area (see Fig 5.8). The intense optical laser pulse excitation heats the
sample, which brings the system out of its thermodynamical equilibrium, exerting
a non-homogeneous Gaussian-like heat gradient within the laser-exposed area. The
temperature in the middle of this distribution is far beyond both the magnetization
compensation temperature TM and the angular momentum compensation tempera-
ture TA [27], where the net angular momentum of the sublattices vanishes. In other
words, the closer we are to the geometrical centre of the laser-exposed area, the higher
is the thermal deposited energy. Note, that the equilibration to a certain temperature
in the inner part of the excited area goes slower than in its outer part. The e↵ective
damping temperature dependencies for ferrimagnetic materials have previously been
reported in Ref. [28, 29], where, from an analytical model followed by computer sim-
ulations, the presence of a significant e↵ective damping increase while approaching
the TA was demonstrated. Considering that finding, we can explain now the e↵ective
damping distribution behavior shown in Fig 5.8 by the fact, that the outer part of
the exposed area reaches TA faster than the inner one, which consequently causes
the e↵ective damping increase near the centre x = 0. The best confirmation of the
proposed scheme would be some direct temperature dependence measurements of the
e↵ective damping coe cient. Due to the lack of this facility we conducted it indi-
rectly by repeating the experiment at Tin = 240 K. We repeated the same procedure,
explained above, and extracted the e↵ective damping coe cients from the experiment
at Tin = 240 K and Hext = 0.24 T (red dots in Fig 5.8). We observed no significant
damping increase at the edge of the switched area. As Tin was higher than both TM
and TA, this is consistent with the proposed scheme.
5.3.2 Comparison of the spatially-resolved magnetization dynamics in di↵er-
ent systems in the presence of an external magnetic field
In Chapters 5.2.2 and 5.3.1, by employing our single-shot time- and spatially-resolved
technique described in Chapter 2, we observed unexpected features (such as large
amplitude oscillations and spatially varying damping) of the ultrafast magnetization
reversal in a Gd/FeCo multilayer in an external magnetic field. These features have
not been reported so far, as the technique, described in this Thesis, has not been
implemented for AOS studies to the best of our knowledge. Therefore, to confirm
the peculiarity of this observation, we compared the results shown in Fig. 5.7 with
experiments conducted under similar conditions on other well-studied systems, such
as Gd26Fe64.7Co9.3 amorphous alloy and a Gd22Fe68.2Co9.8/Gd27Fe63.9Co9.1 bilayer,
which magnetization dynamics was discussed in Chapter 4.
5.3 Spatially-resolved magnetization dynamics study of a Gd/FeCo multilayer 81
Delay time, [ps]
0 100 200 300 400
cr
os
s-
se
cti
on
, [
µm
] 30
20
10
0
-10
-20
-30
(%)
-100
-50
0
50
100
Figure 5.9: Two-Dimensional representation of the spatially-resolved magnetization dy-
namics of a Gd26Fe64.7Co9.3 amorphous alloy at Tin = 300 K < TM and Hext = 0.24 T,
applied at   ⇡ 20° to the sample surface. AOS with no magnetization precession is ob-
served.
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Figure 5.10: Two-Dimensional representation of the spatially-resolved magnetization
dynamics of a Gd22Fe68.2Co9.8/Gd27Fe63.9Co9.1 bilayer at Tin = 200 K < TM and
Hext = 0.24 T, applied at   ⇡ 20° to the sample surface. AOS with a magnetization preces-
sion feature is detected.
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Figure 5.9 represents the spatially-resolved magnetization dynamics of Gd26Fe64.7Co9.3
amorphous alloy at Tin = 300 K< TM and Hext = 0.24 T (the maximum field we could
achieve in the geometry used), applied at   ⇡ 20° to the sample surface. In these
experimental conditions, AOS with no magnetization precession was observed. In the
Gd22Fe68.2Co9.8/Gd27Fe63.9Co9.1 bilayer, however, excited at Tin = 200 K < TM with
Hext = 0.24 T applied at   ⇡ 20° to the sample surface, we observed both the magne-
tization precession and AOS, which is shown in Fig. 5.10. The precession amplitude
was, however, only 10% of the initial z-projection of the magnetization Mz,0, which is
much smaller than for the [Gd(0.5nm)/Fe87.5Co12.5(0.5nm)]20 multilayer. Addition-
ally, much faster damping of the magnetization precession was observed, compared
to the case of the [Gd(0.5nm)/Fe87.5Co12.5(0.5nm)]20 multilayer. No shrinking of the
precessing area was detected.
From the comparison presented above, it is clear that some similarities but also
striking di↵erences are present between the AOS in this multilayer system and in other
RE–TM systems. The main di↵erence is the presence of a large amplitude precession
in the case of the multilayer structure. The z-projection of the magnetization vector
oscillates around this Mz = 0 projection value before the switching occurs. The area
involved in the oscillatory behavior also reduces in time, while the switched domain
grows, which has never been reported so far for the RE-TM amorphous alloys or any
other systems, where the AOS was achieved. This makes this dynamics unique and
completely di↵erent from that of standard ferromagnets.
5.4 Discussion and outlook
In the outlook we will be focusing on a development of an analytical model that could
explain the magnetisation dynamics features, experimentally detected in the study
of the Gd/FeCo multilayer. The first step in that direction, i.e. the micromagnetic
simulations of the laser-induced magnetization dynamics, performed by our collab-
orators from the Spanish National Research Council, has not led yet to a success
due to the complexity of the parametrisation of the multilayer system. The work is
in the progress, however, not even AOS could be simulated by this moment in this
multilayer. While the theoretical framework is being prepared, from our experimental
study we learnt that:
• the magnetization precesses with the ferromagnetic resonance frequency and
this frequency scales linearly with the external magnetic field;
• the magnetization precession demonstrates an amplitude up to 40% of the sig-
nal at t < 0 ps before the laser excitation. Despite such a large value of the
precession amplitude, no non-linearities have been detected experimentally;
• during the first 300 ps the high amplitude precession seems to occur around
an e↵ective magnetic field, aligned in the in-plane direction. However, in static
MOKE characterization it does not seem to be feasible to move the magneti-
sation in-plane, applying the external magnetic field up to 500 mT, parallel to
the sample surface;
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• the precessing area shrinks with time, which has been addressed in Chap-
ter 5.3.1.
Due to the obvious di↵erences in anisotropies of the magnetic layers and the sig-
nificant role of the interface anisotropies for multilayers with thin layers, one would
expect that it has to be easier to create a canted state between the Gd and FeCo
sublattices, or even to trigger a spin-flop transition which would a↵ect the magne-
tization dynamics. In our experiments, however, only one resonant frequency has
been detected. The high-amplitude precession could also be explained, if at certain
moment of the time after the laser pulse excitation the demagnetizing field would
pull the e↵ective magnetic field towards the in-plane direction. However, the static
MOKE characterization showed us it was not easy to pull the magnetization in-plane,
even by applying an external magnetic field of 500 mT parallel to the sample surface.
The interlayer coupling between the Gd and FeCo in multilayers is weaker than
the exchange interaction between the Gd and FeCo sublattices in the itinerant fer-
rimagnetic amorphous alloys. However, without the external magnetic field in both
cases we were able to observe very similar ultrafast demagnetization behavior, fol-
lowed by the laser-induced magnetization reversal. These controversies have yet to
be understood.
5.5 Summary
To conclude, in this Chapter we employed single-shot time-resolved magneto-optical
imaging for the magnetization dynamics study of a Gd/FeCo multilayer system, where
the RE- and TM-elements are stacked in pure-element thin layers in contact with each
other. By exciting this RE-TM multilayer by a single 60 fs linearly polarized laser
pulse, we observed that this structure is suitable for AOS in a temperature range from
75 K till 250 K. From the experiments conducted at T = 90 K, which is below the
magnetization compensation temperature TM, with no external magnetic field applied
during the laser excitation, we see that the magnetization reversal in the multilayer
goes through a laser-induced quenching of the magnetization. The full quenching of
the magnetisation occurs within 2 ps after a laser pulse excitation. The results of
this study are similar to the ones reported in Ref. [21, 25] for GdFeCo amorphous
alloys. Striking di↵erences in the magnetization dynamics between this multilayer
and the other RE-TM systems were observed, when a constant external magnetic
field of Hext = 0.24 T was applied at   ⇡ 20° to the sample surface during the exper-
iment. Particularly, the spatial magnetization dynamics showed an inhomogeneous
high-amplitude precession, accompanied by a rapid shrinking of the oscillating part.
The large-amplitude precession was caused by the laser-induced modification of the
e↵ective field aligning the magnetization vectors of the sublattices. The shrinking
of the oscillating part is the result of the inhomogeneous e↵ective damping increase
within the laser excited area. This increase is explained by the temperature gradient
caused by the laser excitation, which heated the central regions of the laser-exited
area closer to TA than the rim.
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In this Chapter we demonstrated, that multilayers can be used for AOS. More-
over, we observed interesting magnetization dynamics in this structure. And even
though there are a lot of questions about the magnetization dynamics in these Gd/Fe
multilayers to be answered, the obtained results already motivate us to study fur-
ther synthetic ferrimagnetic multilayers, which should consist of di↵erent TM ferro-
magnetic layers, anti-ferromagnetically coupled by some thin non-magnetic spacers
through RKKY-interaction. The use of these structures is advantageous, compared
with the traditional RE-TM amorphous alloys. For instance, the dynamic properties
of the sublattices can be tuned separately, by simply changing the materials. Nano-
patterning becomes easier due to the crystalline nature of the TM layers. Moreover,
the use of TM materials is more cost-e cient than the RE metals. And, finally,
designing the multilayers we can exploit particular properties of TM-materials. For
instance, we can make use of high-anisotropy Pt-based compounds such as CoPt,
to enhance the thermal stability of the medium. These advantages together with a
potential for a new magnetization dynamics behavior make this idea very appealing.
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Chapter6
Magnetization dynamics and
switching in ferromagnetic Co/Pt
multilayers
The mechanism of all-optical switching (AOS) in GdFeCo has been explained [1–3]
through the local transport of angular momentum between two non-equivalent anti-
ferromagnetically coupled sublattices with distinct magnetization dynamics. The first
materials, experimentally demonstrated to be suitable for this phenomenon, were ferri-
magnetic Rare-Earth – Transition Metal (RE–TM) amorphous alloys [4–6]. The next
goal of the research was set to determine whether or not this phenomenon was bound
solely to RE–TM alloys. In Chapters 4 and 5 of this Thesis we revealed AOS in ferri-
magnetic multilayers. We showed the ultrafast laser-induced magnetization dynamics
with AOS, triggered by a single laser pulse excitation in Gd/Fe heterostructures. We
note here, that the e↵ect was present after a single-shot, arbitrarily polarized, laser
pump excitation with the pulse-duration of 60 fs, and no external magnetic field was
applied.
Recent studies of magnetization dynamics in ferromagnetic multilayers [7, 8] re-
vealed a laser-induced helicity-dependent magnetization reversal in these materials.
This unexpected finding stimulated hot debates in the ultrafast magnetism commu-
nity. The e↵ect was captured by static magneto-optical microscopy after the materials
were excited by sequences of circularly-polarized laser pulses, but the mechanism for
switching was unclear.
In this Chapter we study the laser-induced magnetization dynamics in ferro-
magnetic [Co(0.4nm)/Pt(0.7nm)]3 multilayers, triggered by a single/multiple laser
pulse excitation. The results of our study reveal helicity-dependent magnetization
dynamics, heat-assisted magnetization reversal and cumulative pulse-width-/helicity-
dependent magnetization reversal in these multilayers. At the end of the Chapter we
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conclude, that the laser-induced magnetization reversal e↵ect in ferromagnetic mul-
tilayers is much slower than AOS in ferrimagnets. Moreover, the mechanism of the
magnetization reversal in ferromagnets is essentially di↵erent from AOS in RE-TM
ferrimagnetic materials.1,2
6.1 Introduction
The discovery of all-optical switching (AOS) in amorphous GdFeCo alloys [4] raised
many questions about the nature as well as the generality of this phenomenon. At-
tempts of engineering new materials, suitable for both AOS and technological appli-
cations [9], resulted in the surprising observation of a helicity-dependent all-optical
magnetization reversal [7] in a number of ferromagnetic multilayers with a perpendic-
ular magnetic anisotropy [10–12]. This e↵ect was particularly found in Co/X (=Pt,
Pd, ...) multilayers, a class of materials known for their strong thermal stability [13]
and their potential for patterned magnetic media [14, 15] or spin-transfer torque
based memory [16–19] applications. The enhanced spin-orbit coupling at the Co/Pt
or Co/Pd interfaces was shown to cause an increased rate of laser-induced demagne-
tization [24] compared to that of pure transition metal thin films [20–23]. Further,
a dependence of the demagnetization rate on the thickness of the transition metal in
the multilayers was detected [25].
The laser-induced magnetization reversal observed in these ferromagnetic materi-
als [7] does not fit to the paradigm of the existing understanding of AOS in ferrimag-
nets [1–3, 26, 27]. The data reported in Ref. [7] are shown in Fig. 6.1. The results
of that study revealed only the final states of the ferromagnetic samples after being
excited by multiple laser pulses. Neither the actual mechanism nor the timescale of
this reversal is known so far. Moreover, a very recent study of Co/Pt multilayers
revealed a cumulative nature of the magnetization reversal with a ”certain number of
laser pulses needed” to obtain a full and reproducible helicity-dependent AOS [28].
In that work the authors employed electrical characterization of the AOS in Co/Pt
structures using a Hall bar, but this approach did neither give insight in the e↵ect of
a single pulse nor into its dynamics or mechanism.
To understand what happens to the magnetization after a single laser pulse exci-
tation, we studied the magnetization dynamics of ferromagnetic Co/Pt multilayers.
The structures demonstrated the same helicity-dependent magnetization reversal as
reported in Ref. [7]. Employing single-shot time-resolved magneto-optical Kerr e↵ect
imaging, our study detects no signatures of AOS after a single 60 fs optical laser
pulse excitation, and reveals an ultra-fast demagnetization followed by a magnetiza-
tion recovery. Full demagnetization occurs within 1 ps after a single 60 fs laser pulse
1Part of this Chapter is adapted from: Yu. Tsema, G. Kichin, O. Hellwig, V. Mehta, A. V. Kimel,
A. Kirilyuk, and Th. Rasing,“Helicity and field dependent magnetization dynamics of ferromagnetic
Co/Pt multilayers”, Appl. Phys. Lett. 109, 072405 (2016).
2The pulse-width dependence was obtained by G. Kichin. This part of the Chapter is adapted
from: G. Kichin, Yu. Tsema, O. Hellwig, V. Mehta, A. V. Kimel, A. Kirilyuk, and Th. Rasing,
“Domain wall motion in all-optical magnetization switching in Co/Pt and Co/Pd multilayers”, in
preparation.
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Figure 6.1: Magneto-optical static imaging of ferromagnetic [Co(0.4nm)/Pt(0.7nm)]3 mul-
tilayer obtained by C-H. Lambert et al. in [7]. The circularly ( + and   ) and linearly
(L) polarized laser beam was swept over a region of the sample with two perpendicularly
oriented magnetic domains showing dark/bright contrast in the image. The vertical domain
wall is seen in the middle of the image. This experimental finding revealed the possibility of
helicity-dependent laser-induced magnetization reversal in these ferromagnetic multilayers.
excitation of su cient fluence. Most importantly, unlike in previous studies of ferro-
magnets [29, 30], we were able to detect an, albeit small, helicity dependence of the
magnetization dynamics after a single laser pulse excitation. This dependence can be
explained by the magnetic circular dichroism (MCD) of the material. Additionally,
our study demonstrates that heat-assisted magnetization reversal occurs after a sin-
gle femtosecond laser pulse excitation on a nanosecond time scale when an external
magnetic field is applied.
We experimentally confirmed, that in the absence of any external magnetic field,
the laser-induced magnetization reversal in [Co(0.4nm)/Pt(0.7nm)]3 multilayers can
only be achieved by increasing the laser pulse-width duration and pumping repeat-
edly the same area of the sample. For the pulse-duration from 60 fs to 1 ps, the
laser-induced quenching of the magnetization was seen for both linear and circular po-
larizations. The multiple-pulse-induced magnetization reversal was observed only for
pulse-durations longer than 1 ps. This pulse-width threshold is still to be understood.
The single-shot magnetization dynamics measurements with 2.25 ps pump-pulse ex-
citation revealed the same quenching of the magnetization, followed by its recovery.
Thus, no magnetization reversal could be achieved in [Co(0.4nm)/Pt(0.7nm)]3 multi-
layer after a single laser pulse excitation at any laser fluences and any polarizations.
This experimentally confirms the suggestion about the cumulative nature of the laser-
induced magnetization reversal e↵ect in these ferromagnetic materials [31].
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6.2 Single 60-fs pulse-induced magnetization dynamics imaging
of [Co(0.4nm)/Pt(0.7nm)]3 multilayer
The [Co(0.4nm)/Pt(0.7nm)]3 multilayers were fabricated by DC ultra-high vacuum
magnetron sputtering, as explained in Chapter 3, using a confocal sputter-up ge-
ometry from an AJA International ATC-2200 system with the targets tilted and
arranged in a circle around a central target (here Pt) [32]. The substrate, a (100)
oriented Si 1-inch wafer with a native SiO2 surface layer, rotates during deposition
at fsub ⇡ 3 Hz and is at the focal point of the targets. We used a Ta(1.5nm) ad-
hesion layer on top of the native SiO2 surface layer and a Pt(20.0nm) seed layer
to obtain a (111) texture with a mosaic spread of ↵ ⇡ 5  full width at half maxi-
mum for the multilayer out-of-plane Bragg reflection. The samples were taken out
of the chamber only after the deposition of a Pt(2nm) cap layer. The multilayers
were deposited at 3 mTorr and 8.5 mTorr of Argon pressure to slightly tune the
magnetic switching behavior. Changes of the deposition pressure allows tuning the
film microstructure from a continuous film to magnetically isolated grains [33]. All
the samples demonstrated perpendicular magnetic anisotropy and 100% remanence.
The magneto-optical static characterization revealed an increase of the coercive field
from Hc = 30 mT to Hc = 110 mT with increasing Argon pressure from 3 mTorr to
8.5 mTorr. In the magnetization dynamics study we could not detect any substantial
di↵erence between these various samples.
For the magnetization dynamics study, a single-shot time-resolved magneto-optical
imaging setup, described in Chapter 2, was employed. During the experiment, the
multilayer was excited by a single circularly polarized 60-fs laser pulse with a central
wavelength of   = 800 nm, a beam-radius of   ⇡ 80 µm, and a fluence ranging
from 1 mJ/cm2 to 14 mJ/cm2. The magnetization state was probed by a time-
delayed single linearly polarized laser pulse (⌧ ⇡ 60 fs,   = 400 nm,   ⇡ 1 mm,
and a laser fluence < 0.1 mJ/cm2). Employing the magneto-optical Kerr e↵ect,
domains with the magnetization parallel or antiparallel to the sample normal are
seen as bright or dark regions, respectively, in the images recorded by a CCD camera.
Next, we restored the initial conditions by applying an external magnetic field (Hext)
perpendicularly to the sample surface. Then we switched the external magnetic field
o↵ for the next excitation/reading event (Hext = 0 mT). Alternatively, we can apply
a constant magnetic field, smaller than the coercive field (Hext < Hc) during the
whole excitation/reading process, to study the laser-assisted magnetic field-induced
magnetization reversal in the structure. All the experiments were conducted at room
temperature.
Fig. 6.2(a) demonstrates a sequence of selected magneto-optical images, acquired
after illuminating the multilayer by a right circularly polarized laser pulse. It rep-
resents the magnetic state before the optical excitation, as well as at ⌧pp = 60 ps,
1735 ps, and 3300 ps after it. The scale-bar corresponds to 70 µm. A shrinking
of the pump-induced spot is observed from the sequence of images. To get a mea-
sure of the photo-induced magnetization Mz from each image, we averaged the pixels
color value within a fixed region of the laser-induced area. We selected a region,
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Figure 6.2: Reconstructed magnetization dynamics of a [Co(0.4nm)/Pt(0.7nm)]3 ferro-
magnetic multilayer, triggered by a single 60 fs circularly polarized laser pulse excitation
with a fluence of 12 mJ/cm2 (a) A sequence of selected magneto-optical images, obtained at
di↵erent delays between pump and probe without an external magnetic field applied. The
scale bar is 70 µm. (b) The magnetization dynamics extracted from the obtained images on
long and short (see inset) time-scales. With no external magnetic field applied (Hext = 0 T),
a full ultrafast demagnetization occurs within 1 ps and is followed by a slow magnetization
recovery.
Figure 6.3: The laser fluence dependence of the magnetization dynamics reconstructed from
the magneto-optical images. The ultrafast demagnetization scales with the laser fluence.
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that corresponded to 45⇥45µm2, and used it for all the images obtained during the
experiment. To be able to calibrate the Mz signal, before any laser excitation we ap-
plied an external magnetic field, saturating the sample magnetization parallel to the
sample normal. Then the external magnetic field was switched o↵ and we averaged
the pixels color value ascribed to the Mz," state. By repeating the procedure for the
opposite direction of the magnetic field, we determined the Mz,# signal. We defined
an initial magnetization value before the laser excitation as M0 = (Mz,"  Mz,#)/2.
We normalized the photo-induced magnetization Mz for every image taken at various
time delays between pump and probe laser pulses, and reconstructed the magneti-
zation dynamics by plotting the Mz(t)/M0 value as a function of time. Fig. 6.2 (b)
and Fig. 6.3 demonstrate the details of the magnetization dynamics of the Co/Pt
multilayer studied as a function of the external magnetic field (Fig. 6.2 (b)) and laser
pump fluence (Fig. 6.3). All data reveal an ultra-fast pump-induced quenching of the
magnetization, typical for ferromagnetic materials [22], followed by a magnetization
relaxation in the absence of an external magnetic field. In the lower laser fluence
regime the magnetization is able to relax completely to the initial state within at
least ⌧r ⇡ 500 ps after the laser pulse excitation (9.07 mJ/cm2 in Fig. 6.3). The
ultrafast demagnetization e ciency is seen to be proportional to the pump fluence,
with full demagnetization occurring within ⌧0 ⇡ 1 ps for a fluence of 12 mJ/cm2 (see
inset in Fig. 6.2 (b)). In the high laser fluence regime (higher than 10 mJ/cm2) a
fully demagnetized magnetic system does not recover to the initial state without an
external magnetic field applied. After the relaxation, the averaged final state is always
somewhat demagnetized, which can be explained by the creation of a multi-domain
state by the laser excitation, with magnetic domains oriented randomly within the
excitation area. Due to the spatial resolution limit, this random distribution is seen
by the CCD camera as an averaged single color state, which corresponds to a partial
demagnetization.
6.3 Single 60-fs pulse-induced magnetization dynamics imaging
in external magnetic field. Heat-assisted magnetization re-
versal
The results depicted in Fig. 6.2 and Fig. 6.3 showed the single-shot laser-induced
magnetization dynamics in the absence of any external magnetic field. By applying
an external magnetic field Hext = 10 mT < Hc opposite to the initial magnetization
direction, we were able to observe heat-assisted magnetization reversal [37] in these
multilayers (Fig. 6.4). The laser pulse heats the system up, changing the intrinsic
material magnetic properties, such as magnetization saturation, magnetic anisotropy,
and coercivity. With the coercivity lowered, the external magnetic field is capable
to steer the magnetization of the heated area towards the direction parallel to the
field. For the excitation fluence of 12 mJ/cm2 and the external magnetic field of
Hext = 10 mT in opposite direction, around 60% of the full magnetization reversal
was observed at ⌧pp = 3.3 ns after a laser pulse excitation. Therefore, these results
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Figure 6.4: Comparison of the magnetization dynamics triggered by a single 60 fs laser
pulse excitation with and without an external magnetic field. The external magnetic field
Hext is smaller than the coercive field and applied perpendicularly to the sample surface in
both directions. A heat-assisted magnetization reversal is detected.
demonstrate, that the [Co(0.4nm)/Pt(0.7nm)]3 structure is suitable for heat-assisted
magnetization reversal. Note that a similar heat-assisted magnetization reversal was
observed in Co/Pd multilayers [38], materials used in the Hard Disk Drive industry in
the early days, as well as in GdFeCo. With a magnetic field of Hext =10 mT applied
in the original direction, the ultra-fast demagnetization is followed by a magnetization
relaxation towards the initial state, but with a higher recovery rate than in the case
of no magnetic field applied.
6.4 Helicity dependence of single 60-fs pulse-induced magneti-
zation dynamics
To address the possible helicity dependence of the (de)magnetization dynamics, we
illuminated the sample by a 60 fs left- (LCP) or right- circularly polarized (RCP) single
laser pulse in the absence of an external magnetic field. Before the laser excitation, the
magnetization of the sample was saturated either parallel (M") or antiparallel (M#) to
the sample normal. By pumping the sample by a RCP pulse, a higher demagnetization
e ciency is seen of the M# initial state compared to the M" state. Then we excited
the system by a LCP laser pulse which resulted in a more e cient demagnetization of
theM" initial state compared to theM# one, which is represented in Fig. 6.5 (a). By
subtracting the magnetization dynamics trace for the M# initial state from the M"
state for both helicities, averaging the result with time and plotting it as a function
of the laser power, we were able to detect the laser polarization dependence of the
94 Magnetization dynamics and switching in ferromagnetic Co/Pt multilayers
(a)
(b)
RCP, M
RCP, M
LCP, M
LCP, M
Figure 6.5: (a) Polarization dependence of the magnetization dynamics after a single
60 fs laser pulse excitation. The RCP and LCP optical pump pulses are used to excite
the multilayer, which magnetization is saturated parallel M" or antiparallel M# to the
sample normal. The magnetization dynamics for LCP laser excitation is shifted down by
0.5 for a better visual representation. (b) The laser power dependence of the time-averaged
magnetization dynamics di↵erence of |M/M0|"   |M/M0|# for RCP and LCP laser pulse
excitation. The plot demonstrates more e cient demagnetization of the M" initial state by
the RCP laser excitation, and the M# state by the LCP laser pulse.
magnetization dynamics (see Fig. 6.5 (b)). The di↵erence |M/M0|"   |M/M0|# is
positive for the RCP single laser pulse excitation, and negative for the LCP one. This
finding can be ascribed to magnetic circular dichroism. A di↵erent value for RCP
and LCP laser pulse absorption leads to a di↵erent amount of heat transferred from
the laser excitation to the system, which, consequently, results in an e↵ective increase
of the laser fluence for one of the polarizations and their di↵erent demagnetization
e ciencies. This laser helicity-dependence on the magnetization dynamics in Co/Pt
multilayers is similar to the one detected in GdFeCo amorphous alloys [35, 36], which
explained the narrow switchability window for those materials.
6.5 Laser pulse-duration and the magnetization dynamics of
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Figure 6.6: (a) The laser pulse-width dependence of the final magnetic state of
[Co(0.4nm)/Pt(0.7nm)]3 multilayer, after its excitation by 33 laser pulses. (b) The laser
pulse-width dependence of the switched area size. Decrease of the laser-induced domain
with the pulse-width increase is explained by a decrease of the pulse-peak laser power.
6.5 Laser pulse-duration and the magnetization dynamics of
[Co(0.4nm)/Pt(0.7nm)]3
In 6.2, 6.3 and 6.4 we have already shown the results of the laser-fluence, laser-
polarization and external magnetic field dependence studies of the magnetization dy-
namics in [Co(0.4nm)/Pt(0.7nm)]3 multilayers. To our surprise, one extra parameter
of the experimental setup turned out to be crucial for the laser-induced magnetiza-
tion reversal in the ferromagnetic multilayers. This parameter is the laser excitation
pulse-width.
We fixed the fluence of the laser pulses at 12 mJ/cm2 (the value of the most e -
cient demagnetization shown in Chapter 6.2), and varied the excitation pulse duration.
The single-shot experiments demonstrated the same quenching of the magnetization
followed by the magnetization relaxation as reported in 6.2. However, a striking dif-
ference was observed in the results obtained after the same area of the sample was
exposed to the repetitive action of the laser pulses. Figure 6.6 reveals the laser pulse-
width dependence of the averaged final magnetization state after exciting the sample
by the sequence of 33 pulses at the repetition rate of 1 kHz with no external mag-
netic field applied. Both linear and circular (with  + and    helicities) polarizations
have been employed in this study. For the laser pulse duration shorter than 1 ps,
the averaged final magnetic state revealed the quenching of the magnetization for all
the polarizations. This observation corresponds to a creation of a multi-domain state
with zero average magnetization, caused by the laser heating. For the pulses larger
than 1 ps, however, the helicity-dependent cumulative switching e↵ect appeared. Fig-
ure 6.6 (a) shows that linearly-polarized excitation causes a fully demagnetized final
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averaged magnetic state. Circularly-polarized light, however, triggers a partial mag-
netization reversal within the laser-excited area. For the laser pulse durations between
60 fs and 4 ps we were not able to achieve a complete switching in this sample after
33 pulses at 1 kHz. The most e cient magnetization reversal rate was estimated as
70% at 2.25ps. Figure 6.6 (b) shows the pulse-width dependence of the size of the
laser-induced area. Note, that a decrease of this area is seen with the pulse-width
increase due to a decrease of the laser pulse peak power. This observation suggests,
that this laser pulse peak power is essentially more important for the laser-induced
helicity-dependent magnetization reversal in ferromagnets than the total amount of
heat transferred into the system. Regarding the pulse-width dependence itself, we
would like to mention here that the laser pulse-width was shown to be able to have
a significant impact on opto-magnetic switching of RE-TM materials [39]. In that
work Vahaplar et. al showed that laser excitation with wider pulses resulted in more
e cient opto-magnetic switching. In case of Co/Pt multilayers, further investigation
has to be done in order to understand the experimentally observed 1 ps pulse-width
threshold, presented in this Chapter.
Contrary to AOS in ferrimagnetic multilayers, presented in Chapters 4 and 5,
where linearly-polarized laser excitation was employed, we were not able to detect
any polarization-independent magnetization reversal in Co/Pt multilayers for any
laser excitation durations. Summarising, together with the helicity-dependent de-
magnetization, presented in Chapter 6.4, allows us to suggest that MCD plays an an
essential role in the laser-induced magnetization switching in ferromagnets. As has
been mentioned earlier, MCD causes a di↵erence in absorption, which consequently
creates a thermal gradient in the laser-excited multi-domain area. This gradient forces
the domain-wall to move, which evolves into the emerging of the reversed magnetic
domain in this area. To analyze the domain-wall motion with the formation of the
reversed domain in more details, one would require to conduct the pulse-accumulation-
dependent microscopic imaging studies [40]. Even better would be to do this with
better spatial resolution, to capture the initial creation and movement of the sub-
wavelength domains. This can be done, for instance, by employing Magnetic Force
Microscopy, magneto-optical confocal microscopy or magneto-optical Scanning Near-
field Optical Microscopy. Alternatively, by changing the number of Co/Pt repeats
in this multilayer, or by varying the Argon deposition pressure, the sample can be
prepared in such a way to demonstrate bigger domains in its multi-domain state.
6.6 Summary and Outlook
In conclusion, in Chapter 6 we presented the single- and the multiple-shot studies
of helicity-, excitation pulse-width- and field-dependent magnetization dynamics of
ferromagnetic [Co(0.4nm)/Pt(0.7nm)]3 multilayers. Exciting the system by a single
circularly polarized laser pulse with the pulse-duration between 60 fs and 4 ps, an
ultrafast demagnetization followed by a magnetization recovery was observed. The
full ultrafast demagnetization occurred within 1 ps after a single 60 fs laser pulse
excitation of 12mJ/cm2. After a single circularly polarized optical pump excitation,
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a full magnetization recovery was seen in the lower (< 9mJ/cm2) fluence regime.
Exciting the sample by laser pulses with di↵erent polarization helicities we detected a
di↵erence in the demagnetization e ciency for di↵erent initial magnetic states. The
RCP single laser pulse excitation turned out to demagnetize theM# state better than
the M" state, while for the LCP excitation the opposite was seen. We explain this
observation by magnetic circular dichroism of this multilayer structure. Applying
an external magnetic field smaller than the coercive field (Hext = 10 mT < Hc),
the magnetization could be reversed after a single 60 fs laser pulse excitation. This
heat-assisted magnetization reversal occurred on the time scale of nanoseconds.
By exposing the area of the sample to a sequence of ultra-short laser pulses, the
excitation pulse-width dependence of the final magnetic state was revealed. Thus, for
a laser pulse duration shorter than 1 ps, the averaged final magnetic state revealed a
quenching of the magnetization for all the polarizations, while for pulses wider than
1 ps the helicity-dependent cumulative switching e↵ect appeared. This laser-induced
helicity-dependent magnetization reversal e↵ect has an essentially di↵erent nature
from AOS in RE-TM ferrimagnetic materials.
In order to understand the mechanism in more details, we propose conducting
pulse-accumulation-dependent imaging of various Co/X (=Pt, Pd, ...) ferromagnetic
multilayers with a better than we currently posses spatial resolution. This would allow
one to get a deeper insight into the mechanism and to observe the actual domains’
nucleation process with the followed formation of one homogeneously reversed domain.
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Summary and Outlook
The field of ultrafast magnetization dynamics started two decades ago with the semi-
nal observation of sub-picosecond demagnetization of ferromagnetic Ni by a single 60
femtosecond laser pulse. This led one decade later to the observation of the reversal
of the magnetization in the ferrimagnetic GdFeCo by a single 40 fs laser pulse. The
e↵ect is known nowadays as all-optical switching (AOS). It was realized that by means
of AOS one could store bits of information at least 100 times faster than what con-
ventional field-induced magneto-recording technology, employed in every HDD could
o↵er. Despite that fact, the application of AOS for data storages is challenging,
particularly due to a large lateral dimension of all-optically switched areas.
A number of studies have presented the feasibility to decrease the size of all-
optically switched areas by almost three orders of magnitude: from the original lateral
dimension of 10 µm, reported for GdFeCo, to 52 nm for ferrimagnetic TbFeCo thin
films. The later one was already competitive with what could be achieved by heat-
assisted magnetic recording, which is seen for the coming years as one of the most
promising technologies for data storages (see Chapter 1). The significant improve-
ment in size simultaneously unfolded the importance of chemical homogeneity of the
materials, designed for AOS. Therefore, magnetic multilayers and crystalline mag-
netic structures could be better candidates for AOS. The question remained though
whether or not such materials would demonstrate any signs of AOS. When I started
my PhD there had been no experimental evidences of AOS in materials di↵erent than
RE-TM amorphous alloys.
Throughout the study, presented in this Thesis, we experimentally demonstrated
that:
(1) AOS can be achieved in materials di↵erent from RE-TM amorphous alloys, for
instance, in magnetic multilayers;
(2) it is possible to design multilayered materials for AOS by stacking layers which,
taken alone, do not demonstrate any signs of AOS;
(3) magneto-optical Kerr spectroscopy can enable magneto-optical layer sensitivity
for ultrafast magnetization dynamics studies of RE-TM multilayers. By probing
the whole multilayered sample at certain conditions one can “switch o↵” the
magneto-optical response from one of the layers in the structure;
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(4) the laser-induced magnetization dynamics and AOS in magnetic multilayers can
be di↵erent from the one in ferrimagnetic RE-TM amorphous alloys;
(5) the opto-magnetic switching e↵ect in ferromagnets, discovered recently, has an
essentially di↵erent nature from AOS in RE-TM ferrimagnetic materials, re-
quires extra stimuli and can not be achieved after a single laser pulse excita-
tion. The cumulative e↵ect, nevertheless, is interesting and further studies are
required to fully understand its mechanism;
(6) a cumulative opto-magnetic switching in ferromagnetic Co/Pt multilayers turned
out to be dependent on the laser excitation pulse width.
In this Thesis several ferri- and ferromagnetic multilayers (described in Chap-
ter 2) were studied by means of magneto-optical techniques (described in Chapter 3).
In Chapter 4 we proposed a new method for layer-sensitive magnetization dynamics
studies of multilayers. For experiments, presented in Chapters 5 and 6, a unique
single-shot time- and spatially-resolved magneto-optical imaging technique was de-
veloped. The technique revealed the di↵erences between magnetization dynamics in
multilayers and amorphous alloys.
The work, presented in this Thesis, can motivate further AOS studies in synthetic
ferrimagnetic structures. New materials should consist of di↵erent TM ferromagnetic
layers, antiferromagnetically coupled by thin non-magnetic spacers through RKKY-
interaction. For data storages a use of RE-free structures is appealing, as RE-free
materials are cheaper and easier to deal with. It is much easier to tune magnetic
properties of the layers or to employ peculiar properties of TMs, for instance, to
enhance the thermal stability of the whole magneto-recording medium.
As for ferromagnetic multilayers which demonstrate opto-magnetic switching, we
propose a pulse-accumulation-dependent imaging to be performed on various Co/X
(=Pt, Pd, ...) ferromagnetic multilayers with a good spatial resolution. This would
allow one to get a deeper understanding of the mechanism and to observe the ac-
tual domains’ nucleation process with the followed formation of one homogeneously
reversed domain, which can help to better understand the actual mechanism of the
cumulative e↵ect of laser-induced magnetization reversal in ferromagnetic structures.
Samenvatting en vooruitblik
Het wetenschapsgebied Ultrasnelle Magnetisatie Dynamica begon zo’n twintig jaar
geleden met de opzienbarende ontdekking van de demagnetisatie van een ferromag-
netische nikkel film door een enkele, slechts 60 femtoseconde durende, laserpuls. Tien
jaar later volgde de al even opzienbarende observatie van het ompolen oftewel schake-
len van de magnetisatie van een ferrimagnetische GdFeCo film door een enkele 40
femtoseconde laserpuls. Dit e↵ect wordt tegenwoordig aangeduid met “All-optical
Switching” (AOS), oftewel Puur Optisch Schakelen (POS). Met POS kunnen mag-
netische bits minstens 100 keer sneller weggeschreven worden dan met behulp van
magneetveldpulsen, zoals gebruikelijk in de huidige harde schijf apparaten. Deson-
danks is de toepassing van POS in harde schijven nog niet triviaal, met name vanwege
de te grote afmetingen van de, met een laser geschakelde, bits.
Een aantal studies hebben inmiddels laten zien dat het in principe mogelijk is
om de afmetingen van de optische geschakelde bits met een factor duizend terug te
brengen: van de oorspronkelijke 10 µm in GdFeCo naar 52 nm in TbFeCo. Dit
laatste is al vergelijkbaar met wat mogelijk moet worden met “heat-assisted magnetic
recording” (HAMR), de nieuwe generatie dataopslag technologie voor de komende
jaren (zie Hoofdstuk 1). Deze substantile verbetering bracht echter tegelijkertijd iets
anders aan het licht, namelijk het belang van de homogeniteit van de materialen die
men wil gaan gebruiken voor POS. Magnetische multilagen of kristallijne magnetische
materialen zouden daarom wel eens veel geschikter voor POS kunnen zijn. Maar de
vraag was of zulke materialen wel POS vertonen. Toen ik met mijn promotieonderzoek
begon was er nog geen enkele waarneming van POS in andere materialen dan de
amorfe legeringen van zeldzame aarden en overgangsmetalen.
In het onderzoek, gepresenteerd in dit proefschrift, hebben we experimenteel
waargenomen dat:
(1) POS is ook mogelijk in andere materialen dan de amorfe legeringen van zeldzame
aarden en overgangsmetalen (ZA-OM), bijvoorbeeld in magnetische multilagen;
(2) Het is mogelijk om POS te realiseren in multilagen waarvan de individuele lagen
geen POS vertonen;
(3) Magneto-optische Kerr spectroscopie maakt het mogelijk om de dynamica van
individuele lagen van een ZA-OM multilaag systeem te onderzoeken. Onder
103
104 Samenvatting en vooruitblik
bepaalde condities kan men het magneto-optische signaal van e´e´n van de lagen
“uitschakelen”;
(4) De laser-genduceerde dynamica en POS in magnetische multilagen kan verschil-
lend zijn dan die in ferrimagnetische ZA-OM legeringen;
(5) De recentelijk ontdekte POS in ferromagneten is wezenlijk anders dan in de
ferrimagnetische ZA-OM legeringen, heeft additionele stimuli nodig en werkt
niet met behulp van slechts e´e´n enkele puls. Desondanks is dit cumulatieve e↵ect
wel interessant, maar vereist meer studie om het onderliggende mechanisme te
begrijpen;
(6) Het cumulatieve optisch schakelen in Co/Pt multilagen bleek sterk afhankelijk
te zijn van de duur van de laserpuls.
In dit proefschrift werden verscheidene ferri- en ferromagnetische multilagen (beschreven
in Hoofdstuk 2) bestudeerd met behulp van magneto-optische technieken (beschreven
in Hoofdstuk 3). In Hoofdstuk 4 hebben we een nieuwe, laaggevoelige, methode gen-
troduceerd om de dynamica van multilagen te bestuderen. Voor de experimenten
van de Hoofdstukken 5 en 6 werd een unieke tijds- en ruimtelijk- opgeloste magneto-
optische microscoop ontwikkeld, waarmee in een enkele flits een volledige opname
van het preparaat kan worden gemaakt. Hiermee konden de verschillen tussen de
dynamica van amorfe en multilaag preparaten worden zichtbaar gemaakt.
Het werk zoals gepresenteerd in dit proefschrift kan verdere POS studies in syn-
thetische ferrimagnetische structuren motiveren. Zulke materialen kunnen bestaan
uit dunne lagen van een ferromagnetisch overgangsmetaal die, via een koppelingslaag
met behulp van de RKKY-interactie, antiferromagnetisch zijn gekoppeld. Voor data
opslag zijn materialen zonder zeldzame aarden aantrekkelijk, omdat ze goedkoper en
makkelijker te hanteren zijn. Het is makkelijk om de magnetische eigenschappen van
lagen aan te passen of de bijzondere eigenschappen van overgangsmetalen te gebruiken
om bijvoorbeeld de thermische stabiliteit van een opslagmedium te verbeteren.
Wat betreft de ferromagnetische multilagen die ook optisch geschakeld kunnen
worden stellen we voor om puls-accumulatie, hoge resolutie, microscopie experimenten
te doen met verschillende Co/X (X=Pt, Pd, ..) multilagen, om een beter inzicht
en begrip te krijgen van het schakel mechanisme. Door het nucleatie proces en de
daaropvolgende groei van een homogeen magnetische domein te bestuderen kan men
hopelijk het mechanisme en het cumulatieve e↵ect van de laserpulsen in ferromag-
netische structuren leren begrijpen.
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